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Abstract 

After the EMC and subsequent experiments at CERN, SLAC and 
DESY on the deep inelastic scattering of polarized leptons on polarized 
nucleons, it is now established that the = value of the axial 
strange form factor of the nucleon, a quantity which is connected with 
the spin of the proton and is quite relevant from the theoretical point 
of view, is relatively large. 

In this review we consider different methods and observables that 
allow to obtain information on the strange axial and vector form fac- 
tors of the nucleon at different values of . These methods are based 
on the investigation of the Neutral Current induced effects such as the 
P-odd asymmetry in the scattering of polarized electrons on protons 
and nuclei, the elastic neutrino (antineutrino) scattering on protons 
and the quasi-elastic neutrino (antineutrino) scattering on nuclei. We 
discuss in details the phenomenology of these processes and the exist- 
ing experimental data. 
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1 Introduction 



In this review we will discuss the strange form factors of the nucleon. As it 
is well known, the net strangeness of the nucleon is equal to zero. However, 
according to quantum field theory, in the cloud of a physical nucleon there 
must be pairs of strange particles. From the point of view of QCD the nucleon 
consists of valence u and d quarks and of a sea of quark-ant iquark pairs uu, 
dd, ss,.... produced by virtual gluons. 

In the region of large information about the ss sea can be obtained 
from the experiments on the production of charmed particles in charged cur- 
rent interactions of neutrinos and antineutrinos with nucleons in the deep 
inelastic region. The charmed particles can be produced in d — c and s — c 
transitions. The probability of d — c transitions is proportional to sin^ 9c, 
while the probability of s — c transition is proportional to cos^ 6c {Oc being 
the Cabibbo angle). Due to the smallness of 9c (sin^ ^c* — 4 ■ 10~^) the 
d — c transition is a Cabibbo-suppressed one. This enhances the possibility 
of studying the strange sea in the nucleon by observing two-muon neutrino 
events (one muon is produced by neutrinos and another muon is produced 
in the decay of charmed particles) [0, |, |^, |^. In the latest NuTeV exper- 
iment at Fermilab the following value was found for the ratio of the total 
momentum fraction carried by the strange (and anti-strange) sea quarks in 
the nucleon to the total momentum fraction carried by u and d: 

K = = — = = 0.42 ±0.07 ±0.06. (1.1) 

U + D 

Here Q = dxxq{x), q being the number density of antiquarks q which 
carry the fraction x of the proton momentum p (in the infinite momentum 
frame). A recent analysis of deep inelastic scattering data found a larger 
value of K 1^. 

The investigation of the matrix elements {p'\sOs\p) {\p) being the state of 
a nucleon with momentum p and O some spin operator) in the confinement 
region ^ I GeV^ is a very important subject ||, ^. Some information 
on this matrix element can be obtained from the pion-nucleon scattering 
data and from the masses of strange baryons (see Ref. p!0|). 

Let us consider the scalar form factor 

m{p'\{uu + dd)\p) = u{p)u{p)a-„N{t) (1-2) 
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where 



Chiral perturbation theory allows one to connect the value of the scalar form 
factor in the Cheng-Dashen point s = u = M^, t = 2m^ with the isospin- 



even amplitude of pion-nucleon scattering [0, |1^, 0, |T^ (s, u, t are the 
customary Mandelstam variables, M is the mass of the nucleon, the 
mass of the pion). From the results of the phase-shift analysis of the low 
energy pion-nucleon data it is possible to obtain the value of the form factor 
at the point t = 0, cr7rAr(0), which is called the a-term. 

The calculation of the cr-term requires an extrapolation from the point 
t = 2m^ to the point t = 0. This procedure is based on dispersion relations 
and chiral perturbation theory. In Ref. |jl5[ the valueQ 

(T^iv ^ 45 ± 8 MeV (1.3) 

was found for the a-term. 
Let us define the quantity 



{p\ss\p) 
;{p\{uu + dd)\p) 



VN = ,r (1.4) 



which characterizes the strange content of the nucleon. If one assumes that 
the breaking of SU(3) is due to the quark masses, the following relation, 
which connects the parameters un and a-j^N with the mass difference of the 
A and S hyperons, can be derived [p!7[: 



I / rn \ 

[l--±){l-y^)a^M^M^-M^ (1.5) 
3 V m / 

Taking into account higher-order corrections and assuming that the mass 



ratio mslrh has the standard value ~ 25, from (|1.5| ) we have 



:i-|/jv)cT.;v=^31.8MeV (1.6) 



^ Let us notice that in a recent lattice calculation ||l6|, made within two-flavor QCD, 
the range 45 55 MeV for the value of the cr-term was obtained. The authors of Ref. [[l6[ 



obtained this range of values, compatible with the one given by Eq. (1.2) and derived from 
experimental data, by using an extrapolation procedure in the quark masses which, at 
variance with previous attempts, respects the correct chiral behavior of QCD. 
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and by combining ( |1.3| ) and ( |1.5| ) we obtain — 0.3. 



Let us stress that there are many uncertainties in the determination of the 
value of the cxTrAr-term and of the parameter un. They are mainly connected 
with the pion-nucleon experimental data and the extrapolation procedure. 
Larger values for the parameter t/at up to un = 0.5 were obtained by different 
authors (for a recent discussion, see Ref. |]18[). 

The most convincing evidence in favor of a non-zero value of the axial 
strange constant g\ which characterizes the matrix element (p|s7a75s|p), was 
found from the data of experiments on deep inelastic scattering of polarized 
leptons on polarized nucleons. The first indication in favor oi g\ ^ Q was 
obtained in the EMC experiment at CERN [19|. Subsequent experiments at 



CERN 0], SLAC [0, |22|, ^ g and DESY ^ ^ confirmed the EMC 
result. 

These experiments triggered a large number of theoretical papers in which 
the problem of the strangeness of the nucleon was investigated in detail (see 
the recent reviews H, ||, [l^, ^). 



The cross section of the scattering of longitudinally polarized leptons on 
polarized nucleons is characterized by four dimensionless structure functions 
of the variables x and Q^: Fi{x, Q^), F2{x, Q^), gi{x, Q^) and g2{x, Q"^) (here 
X = Q'^/2p ■ q, = —q^i p is the momentum of the initial nucleon, q the 
momentum of the virtual photon). The functions Fi(x, Q^) and F2{x,Q'^) 
determine the unpolarized cross section, while the functions gi{x,Q'^) and 
g2{x,Q'^) characterize the part of the cross section which is proportional to 
the product of the polarizations of leptons and nucleons. 

The measurement of the asymmetry in the deep inelastic scattering of 
longitudinally polarized leptons on longitudinally polarized nucleons allows 
one to determine the structure function gi{x,Q'^). 

In the framework of the naive parton model, based on the assumption 
that in the infinite momentum frame {\p\ — > oo) partons (quarks) can be 
considered as a free particles, all structure functions depend only on the 
scaling variable x. Let us consider, in the infinite momentum frame, a nucleon 
with helicity equal to one. For the function gi{x) we have 

9^(^) = IT.< [Q^^'\^) + Q^^'\x)-q^-'\x)-q^-'\x)] (1.7) 



where Cg is the charge of the quark (in the unit of the proton charge), q^'^^^x) 
{q^'^^\x)) is the number-density of the quarks q (antiquarks q) with momen- 
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turn xp and helicity equal (respectively, opposite) to the helicity of the nu- 
cleoli. Thus, the structure function gi is determined by the differences of the 
number of quarks and antiquarks with positive and negative helicities. No- 
tice that in the naive parton model the structure functions Fi{x) and ^2(2;) 
are given by 

F2{x) = X ^ elq{x) = 2xF,{x) , (1.8) 

where 

q(x) = q^+'\x) + q^-'\x), 
q(x) = q^+'\x) + q^-'\x) 

are the total numbers of quarks and antiquarks with momentum xp. 

Prom the theoretical point of view, the important quantity is the first 
moment of the structure function gi. 

ri(g')= f gi{x,Q^)dx. (1.9) 
Jo 

In the region < 10 GeV^ the main contribution to Fi comes from the 
light u, d, s quarks. 

In the naive parton model, for the first moment of the proton we have 

where 

Aq= [ ^ r [g('')(x) +g('^)(x)] (1.11) 

is the difference of the total numbers of quarks and antiquarks in the nucleon 
with helicity equal and opposite to the helicity of the nucleon. Thus Aq is 
the contribution of the g-quarks and g-antiquarks to the spin of the proton. 

The first moment can be determined from the measurement of the deep 
inelastic scattering of polarized leptons on longitudinally polarized protons. 
In the EMC experiment at = 10.7 GeV^ the value 

Ff (10.7) = 0.126 ± 0.010 ± 0.015 (1.12) 
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was found, while in the latest CERN SMC 0, SLAC 155 and DESY 
HERMES experiments the following values of were determined: 



r?(10) = 0.120 ±0.005 ±0.006 ±0.014 
r?(5) = 0.118 ±0.004 ±0.007 
r?(3) = 0.122 ±0.003 ±0.010 



:i.l3) 



Let us stress that the experimental data can be obtained in a limited 
interval of the variable x which does not include the region of very small and 
very large values of x. In order to determine the value of it is necessary 
to make extrapolations of the data to the points a; = and x = 1. The small 
x-behavior of the structure function gi is the most contradictory issue (see 
Ref. p). Usually a Regge-behavior of the function gi is assumed at small x. 
Recent extrapolations are based on NLO (next to leading order) QCD fits. 
Notice that in some non-perturbative approaches a singular behavior of the 
function gi{x) at small x was obtained p[. 

Let us now discuss the possibilities of determining the axial strange con- 
stant gj^ from these data. 

In the framework of the naive parton model the quantities Aq, which 
enter into the sum rule ( |1.10|) , are determined by the one-nucleon matrix 
element of the axial quark current q'^albQ (see Section H): 



p{p\(llal5q\p)p = ^MSaAq 



:i.i4) 



Here Sa is the polarization vector of the nucleon and \p)p {\p)n) is the state 
vector of a proton (neutron) with momentum p. The relation ( |1 . 14]) allows 
one to obtain two constraints on the quantities Am, Ad and As. The first 
one comes from the isotopic SU(2) invariance of strong interactions, which 
implies: 



p{p\u-fa75d\p)n = p{p\ {wjalbU - d'Jalbd) \p) 

From ([LlSl) and ( ITTTID it follows that 

Au — Ad = gA 



p ■ 



(1.15) 



:i.i6) 



where gA is the weak axial constant. From the data on the /9-decay of the 



neutron it follows that 29 : 



gA = 1.2670 ±0.0035. 



;i.l7) 
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The second constraint follows from SU(3) symmetry. Assuming exact 
SU(3) symmetry we have 



Au + Ad- 2 As = 3F -D 



9\ 



;i.l8) 



where F and D are the constants which determine the matrix elements of 
the axial weak current for the states of different hyperons belonging to the 
SU(3) octet. From the fit of the experimental data it was found that [ES]: 



0.463 ±0.008; 



D = 0.804 ±0.008 



hence 



9\ 



0.585 ±0.025 



:i.l9) 



^1.20) 



Now from Eqs. ( p.. 10 ), ( 1.17 ) and ( 1.19 ) we can express the first moment 
as follows: 



= 0.187 ± 0.004 ± ^As 



:i.2i) 



If we compare ( |1.21| ) with the values of which were obtained in experiments 
[see ( [1.12| ) and (|1.13|) ], we come to the conclusion that the quantity As, which 
determines the matrix element of the strange axial current, is different from 
zero and negative. Using, for example, the EMC result ( |1.12|) , from (|1.21 
we find 



As = -0.18 ±0.05. 

This conclusion is based on the naive parton model and was obtained about 
10 years ago (see Ref. 0). After the EMC result was obtained, a lot of 
experimental and theoretical works were published. The LO (leading order) 
and NLO QCD corrections to the sum rule ( |1.10|) and to the relation (|1.15|) 
were calculated and many different effects were taken into account (see the 
reviews ||, |, [ig, l^, ||, H, P H, ||] ) . 



Let us introduce the constants Aj 



,{p\iplalb\i^\p)p = 2MsaAi {i = 3, 8) 



:i.22) 



and 



;i.23) 
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u 

where '?/' = | d | is the flavor SU(3) triplet, Aj are the Gell-Mann matrices, 

ip'ja'j5K4' is the SU(3) octet of axial currents and 4''ja'j54' the axial singlet 
current. 

In the naive parton model the following relations hold: 
A3 = Au- Ad = g\ = gA 

As = Au + Ad-2As = g\ (1.24) 
Aq = Au + Ad + As = g\ = AS 

the quantity AE being the total contribution of quarks and antiquarks to 
the spin of the proton. The sum rule (|1.10|) can be now rewritten in the form 

r? = —A3 + —As + -Aq . (1.25) 
^ 12 36 9 ^ ' 

The NLO QCD corrections modify the above expression as follows (see 
and references therein): 



r?(Q^ 



TT 



:i.26) 



I = 



where as(Q^) is the strong coupling constant and the quantities A., ^„ 
3, 8, 0) are given by the relation ( |1.22| ). The quantities ^3 and Ag are deter- 
mined by the one-nucleon matrix elements of the corresponding conserved 
currents (we have assumed SU(3) flavor symmetry). These quantities do not 
depend on Q"^ and turn out to be 

A3 = gA As = g\, (1.27) 

where the numerical values of the constants gA and and g\ are given by 
Eqs. (|1.17|) and (|1.20|) , respectively. The quantity Aq, instead, is determined 



by the matrix element of the non-conserved singlet current ip'j°''y^ip. If higher 
order QCD corrections are taken into account, then this quantity depends 
on the renormalization scheme and on the renormalization scale, which is 
usually taken to be equal to Q^. 

Two renormalization schemes are commonly employed: the MS scheme |^ 



and the AB (Adler-Bardeen) scheme In the MS scheme Ao(Q^) is de- 
termined by the renormalization scale-dependent contribution of quarks to 
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the spin of nucleon, 



A,m = As(g2) = J2 ■ (1-28) 

q=u,d,s 

In the AB scheme A^IQ"^) is determined by the contribution of quarks and 
gluons to the spin of the proton 

AoiQ^) = AE^^ - 3^^^AG{Q^) (1.29) 

2n 

where AT,^^ does not depend on and all renormalization scale dependence 
is absorbed by the gluon contribution AG(Q^). The latter, due to triangle 
anomaly behaves as l/a^ and can give a sizable contribution to 

^o(Q^). Q_ 

In the MS scheme, from Eqs. ( |1.14| ), ( |1.24[ ) and ( |1.26[ ), for the matrix 
element of the axial strange current in NLO approximation we have 

' :{p\sial,s\p)s- = -3(1- ' r?(g^) + + • (1-30) 



2M^"' '""^ V ^ / ^ ■ 4" 12 

Let us stress that the matrix element (p| 57^755 |p) depends on the renor- 
malization scale. Using the E155 data at = 5 GeV^ and the values 
( |1.17| ), ( [1.2q ) of the axial constants qa and from ( |1.3CI| ) we find 

^ (P|s7a75sb)s" = 0.12 ± 0.03 (1.31) 



2M 



Thus, if we take into account higher order QCD corrections, from the data 
on deep inelastic scattering of polarized leptons on polarized protons we can 
conclude that the one-nucleon matrix element of the axial strange current 
is relatively large. This conclusion does not depend on the renormalization 
scheme (matrix elements are measurable quantities). Similar considerations 
can be drawn from the operator product expansion (OPE) approach [Q. 

^ Let us notice that the relation ( p_.2g| ) offers the possibihty of explaining the data by 
the large gluon contribution In fact, can be written in the form 

Ao = + 3As-3^AG. 

ZTT 

Even if we assume that As = 0, the experimental data can be explained by a large positive 
AG. 
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In this review we will consider possibilities of obtaining information on 
the strange vector and axial form factors of the nucleon from the investigation 
of neutral current effects. We will consider in detail the P-odd asymmetry 
in elastic and quasi-elastic scattering of polarized electrons on nucleons and 
nuclei (Sections ||) and the elastic and quasi-elastic scattering of neu- 

trinos (antineutrinos) on nucleons and nuclei (Sections ^ |10|, 11,12). We will 



discuss the existing experimental data and future experiments. Derivations 
of many basic relations will be presented. 

2 The Standard Lagrangian of the interac- 
tion of leptons and quarks with vector bosons 



In the Standard SU(2)xU(l) electroweak Model (SM) |9|, |g, || the La- 
grangian of the interaction of the fundamental fermions (neutrinos, charged 
leptons and quarks) with vector bosons contains three parts: charged cur- 



rent (CC), electromagnetic (em) and neutral current (NC) interactions |T4 



2.1 The charged current Lagrangian 

The Lagrangian of the CC interaction of leptons and quarks with the charged 
vector bosons reads: 

£r = -^jrw^^ + h.c. (2.1) 

Here g is a coupling constant which is connected with Fermi constant Gi;' by 
the relation 

{m^ being the mass of the W-boson) and 

= 2 01 + ^Jl) - 2j^+- (2.3) 
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is the charged current. In Eq. ( |2.3| ) j^^ are components of the isovector 
current :0 

a 

where ipaL = |(1 — 'l5)4'a are left-handed doublets of the SU(2)xU(l) gauge 
group of the Standard Model: 

'--{t}' ^-K'O- ^'-^(^'0 

In terms of the fields of leptons and quarks with definite masses the 
charged current ( |2.4| ) reads: 

= 2 Yl ^^lIJl + 2 [uLladr + CLlasT + ^lT.&l"] (2-6) 
where now 

dr = E ^"'^ = E ^"'^ = E ^*<?^^' (2.7) 

q=d,s,b q=d,s,b q=d,s,b 

and is the unitary 3x3 Cabibbo-Kobayashi-Maskawa mixing matrix. 

2.2 The electromagnetic interaction Lagrangian 

The Lagrangian of the electromagnetic interaction has the form: 

C'P = -ejT^" , (2.8) 

■^We use the Feynman-Bjorken-Drell metric. In this metric (7°° = 1, = — 1 (i = 
1,2,3), the non-diagonal elements of g""^ being equal to zero. Thus, the scalar product 
of vectors A" and B" is A ■ B = AaB" = — A ■ B. Moreover the Dirac matrices 

7" satisfy the commutation relations 7^7'^ + jf^j°' = Sg"'' and we adopt the definition 
75 = 17*^7^7^7'^ for the matrix 75 and the definition £9123 — 1 for the antisymmetric tensor 
^afipa- For the spinors we will use the covariant normalization ?l(p)7"u(p) — 2p". 
In this metric 7"^ ~ 7°7"7°. Notice also that vector of states are normalized in such 
a way that {p'\p) ~ 2p° {2tt)^ S'^^^p' — p) (see for example Q). With this choice the 
normalizing factors do not appear in the matrix elements of the currents, but only in the 
final expression of the cross sections. 
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e being the charge of the proton and 

jr= $^(-lK7a^+ J2 W9 (2.9) 

£=e,fi,T q=u,d,... 

the electromagnetic current (with = 2/3, 6^ = — 1/3, ... ) 
2.3 The neutral current Lagrangian 

The Lagrangian of the NC interaction of leptons and quarks with the neutral 
vector boson is: 

£f^ = --^jr^-, (2.10) 

Z cos u\Y 

where 6w is the weak (Weinberg) angle, the characteristic parameter of the 
electroweak unification, and j^'" is the neutral current. The structure of the 
latter in the Standard Model is determined by the requirements of unification 
of the weak and electromagnetic interactions into the unified electroweak 
interaction. We haveQ 

J^'' = 2jl-2smHw3r. (2.11) 



From Eqs. ( p.4|) , ( p.5|) and ( |2.11| ) the neutral current can be rewritten in 
the following form: 

Ja"" = Yl ^7a(i-75)^g+ Yl ^7a(i-75) + 

q=u,c,t q=d,s,b ^ ^ 

+ Y ^na{l-l^)\l^l+ Y ^7a(l-75) f-^ K + 

-2smHw3r- (2.12) 

In this review we will focus on processes at relatively small energies (less 
than a few GeV). Therefore it can be convenient to separate, in (|2.12|) , the 



4 



We notice that in the hterature different definitions of NC are used. In particular a 



frequently used notation differs from (2.11) by a factor of 2: 



~-NC _ r)-NC 

Ja — ^Ja ■ 
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contribution of the lightest u and d quarks. One obtains: 

jNC;, = ^3 _ ^3 _ 1 _ ) _ 2 e^f^ . (2.13) 



Here we define: 



o _ 1 - 1 — 1 

n _ 1 _ 1 _ 1 



( u ^ 



. Indeed the mass difference between d and u quarks (m^ 



where 

mu — 3 MeV is much smaller than the QCD constant A^^° ^ 200 
300 MeV and can be neglected: in this case is a doublet of the isotopic 
SU(2) group and the currents and a^^ are the third components of the 
isovectors 

Va = Nj^^r'N, = Nj^j.K^N . (2.14) 

Instead, the currents and are isoscalars: they represent the contri- 
butions to ja'"''^ of the s, c and heavier quarks. Taking into account only 
s-quarks we have 

< = s7aS, a^ = s7„75S (2.15) 
The quark electromagnetic current is given by [see Eq. ( |2.9| )] 



■em;q 
J a 



^ eqg7og (2.16) 

q=u,d,... 



Also in this case it is convenient to separate, in the above current, the con- 

o - Tl -LI 
— J3 -t-g 



tributions of the lightest u, d quarks. Taking into account that e„ = I3 +i 



{q = u, d) we have: 

fcT''" = Vl + V'a (2.17) 

where is the isoscalar current which, in the u, d, s approximation, reads: 

v'^ = bjj^N+ (^-l^sjas. (2.18) 
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3 One-nucleon matrix elements of the neu- 
tral current 



We will considerer here in detail the one-nucleon matrix elements of the 
neutral current as well as the ones of the electromagnetic current. Let us 
consider, for example, the process of the elastic scattering of muon-neutrino 
on the nucleon: 

^f^+P — ^i^fi+P (3.1) 
The amplitude of this process is given by the expression 

{f\S\z) = (3.2) 
= -^^n(A;')7"(l -75)«(fc)out(pV.^^(0)b)in(27r)V^)(p'-p-g) 

where k and p {k' and p') are the four-momenta of the initial (final) neutrino 
and nucleon, respectively, q = k — k' and 

out(pVr (0)b)in = {P'\T {j-r (0)e-^^ ^rw^^^l \p) (3.3) 

is the hadronic matrix element^. 

In Eq. ( |3.3| ) 7ij'^'^(x) is the Hamiltonian density of the strong interactions, 
J^'"(0), |p)in and |p)out are the neutral current operator, the initial and final 
nucleon states in the Heisenberg representation. 

From (|2.13|) we get the following expression for the matrix element of the 
neutral current: 

(pVr (0)b) = {P\ {V^ - Al) \p) - ^-{p'\ {V: - \p) + 

-2sm' ew{p'\Jr\p) (3.4) 

where V^^*'', Aa^^ are the currents in Heisenberg representation. From the 
isotopic SU(2) invariance of strong interactions it follows that V^, A^^ are the 
third components of the isovector currents and {i = 1,2,3) while V^, 
are isoscalar currents. 



^The indexes "in" and "out" will be dropped hereafter. 
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The isotopic invariance of strong interactions allows one to determine the 
one-^nucleon matrix elements of the current from the one-nucleon matrix 
elements of the electromagnetic current J^"*. In fact, from ( |2.17| ) it follows 

p{n){p'\JnP)pin) = pin){p'\V^\p)p{n) + p{n) {p' \V^\p) p{n) (3.5) 

where \p)p {\p)n) is the state of a proton (neutron) with momentum p. Fur- 
thermore we have 



UV'U 



37 /-I 



(3.6) 



where the charge symmetry operator U = exp{27r/2} (rotation of vr around 
the second axis in the isotopic space) transforms proton states into neutron 
states and viceversa, according to: 

^\p)p=-\p)n, U\p)n=\p)p- 

The following relations then hold: 



Ap'\v!\p)^ 
Ap'\v^\p), 



+ 



n{p'\V^\p)n 
n{p'\V^\p)n 



From ( p.5|) and (|3.7| ) we have then: 

1 



Moreover 



Ap'm\p)p = o W\JT\p)p - n{p'\JT\p). 



ap'\v»p = ^ [p{pvr\p)p + n{pvr\p)r 



(3.7) 



(3.8) 



(3.9) 



Let us discuss now the one-nucleon matrix elements of the electromag- 
netic current. The conservation law of the electromagnetic current, d°'J^ — 
0, entails 



ip'-p){pvr\p) = o- 



(3.10) 



From this relation it follows that the one-nucleon matrix elements of the 
electromagnetic current are characterized by two form factors and have the 
general form 



{p'\jr\p)=w: 



7aFi{Q') + —a^pq^F,{Q 



u{p) 



(3.11) 
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Here q = p'—p is the four-momentum transfer, = — g^, aafs = |(7«7/3 — 
1(3la), Fi{Q'^) and F2{Q'^) are the Dirac and Pauh form factors . At = 
we have 



Fi(0) = CN, ^2(0) = 



(3.12) 



where cat is the nucleon charge (in units of the proton charge) and k^v is the 
anomalous magnetic moment of the nucleon (in units of the nucleon Bohr 
magneton). Notice that from the invariance of strong interactions under time 
reversal it follows that the form factors are real functions of Q^. 

With the help of the Dirac equation the matrix element ( 3.11| ) can be 
rewritten in the form: 



{p'\jr\p)=W) 



1 Gm{Q')~Ge{Q' 



2M 



l + T 



u{p) (3.13) 



Here n = p + p' , r = Q'^/AM'^ and 



Gm{Q')= Fi(g2) + F2(Q2) 
GEm= F,{Q^)-tF,{Q^) 



(3.14) 



are, correspondingly, the magnetic and electric (charge) Sachs form factors . 
In the = limit they yield 

G'm(O) = Cat + Kat = /iTv 
^^^(0) = CN 

/ijv being the total magnetic moment of the nucleon (in units of the nucleon 
Bohr magneton). 

Let us notice that the magnetic and electric form factors Gm and Ge 
characterize the matrix elements of the operators J*^™' and Jq™, respectively, 
in the Breit system (the system in which n = p + p' = 0). In fact, from (|3.13|) 
it follows that 



{p'\.r^\p) = u{p')^u{p)GM{Q^). 

Furthermore, in the Breit system = 2po and we have 



{p'\jr\p)=W) 



1oGm{Q') 



2, PoGMiQ')-GE{Q'' 



M 



l+T 



(3.15) 



u{p), (3.16) 
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while, from the Dirac equation, it follows: 

u{p'){'^' + ^)u{p) = 2pou(p')'jou(p) = 2Mu(p')u{p) . (3-17) 
The quantity p\/M'^ in the Breit system can be expressed through: 



^ = 1 + 

M2 4M2 



1 + r. 



and combining (|3.16| ) and (|3.17|) we have 

{p'\jr\p)=^{p')iou{p)GEm- 



(3.18) 



Let's consider now the one-nucleon matrix elements of the vector current. 
From the relation (13. 81) it follows: 



V{P'\V^\P)V = -n{p'\VM 

= u{p') 



(3.19) 



u{p) 



where 



-{F,M)-Fi,nm) 

\{F2M)-F2M)) 



are the isovector Dirac and Pauli form factors . Alternatively we can use the 
isovector magnetic and electric (charge) form factors : 



GliQ') = I {GeAQ') - GeAQ")) ■ 

Let us consider now the one-nucleon matrix elements of the operator A^. 
Information about these matrix elements can be obtained from the data on 
the investigation of the quasi-elastic processes 



fi +p 
fi^ + n 



(3.20) 
(3.21) 
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In the region <^ we are interested in, the matrix elements of the 
processes ( p.20|) and ( p.21| ) have the following form 

= -^'^u{k')r{l - i,)u{kW\J^^\p)^ (27r)^5W(p' - p - q) 
{f\S\^ = -^^^k')ra + 7^HkUpVa^^\p)p (2vr)^5(^)(p' - p - q) 

Here k is the momentum of the initial t'^ (i^fi), k' the momentum of the final 
fi~ {fi~^)] p and p' are the momenta of the initial n {p) and of the final p (n), 
respectively. 

The quark current which gives contribution to the matrix element of the 
process (|3.2CI|) has the form 

= u7a{l-75)dVud (3.22) 

where V^d is an element of the CKM mixing matrix. From the existing data 
iKidP = 0.9735 ±0.0008 |^ and hereafter we will not take into account small 
corrections due to \Vud\ 1- The current (|3.22| ) can be expressed in terms 
of the above introduced u, d quark iso-doublet as follows: 

= N^ail - 75)^(ri + zr2)iV = t;^^^^ _ ^i+.2 ^ (3_23) 

where f^^'^ and a^^*^ are the "plus-components" of the isovectors ( |2.14| ). 
For the Heisenberg currents we have 

where and A]^^'^ are the "plus-components" of the isovectors and 

Let us consider now the one-nucleon matrix elements of the axial current. 
The charge symmetry operator U introduced in ( p.6| ) transforms the isovector 
as follows: 

UAlU-' = Al ^^-^^^ 
From these relations we have: 

MAl^''\p)n = n{p'\Al~^'\p)r>- (3.26) 
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Eq. ( ^.26| ) implies: 

p{p'\Al-'''\p)n = Ap\Al-'''\prn (3.27) 

The one-nucleon matrix element of the CC axial current has the following 
general structure 

MAl^''\p)n= (3.28) 



u{p) 



Due to the invariance under time reversal the form factors Ga-, Gp*" and 
G^*^ are real quantities. Moreover, taking into account the relation ( p.27| ), 
one easily finds that 

G^C{Q-') = {). (3.29) 

Let us notice that for the quasi-elastic processes m(/c')7"(1 — '^^)u{k)qa = 
—m^u{k'){l — '-)^)u{k). Thus the contribution of the pseudoscalar form factor 
G'p" to the matrix element of the processes ( ^.2(j| ) and ( ^.21| ) is proportional 
to the muon mass and in the region of neutrino energies > 1 GeV can be 
neglected. 

Isotopic invariance of the strong interactions provides the relation between 
the one-nucleon matrix elements of the operators and In fact for 

the isovector A\ we have 

=zefc,£<, (3.30) 

Ik being the total isotopic spin operator (here ekji. is the totally antisymmetric 
tensor, with ei23 = 1). This relation implies 

Al = \[Al^'\h-^^] (3.31) 
and taking into account that 

h-i2\p)p = \p)n , p{p'\h-i2 = , 

from (|3.31|) the following relation holds 



p 



{p'\Al\p), = -n{p'\Al\pU = Up\^i^''\P)n ■ (3.32) 
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The one-nucleon matrix elements of the axial current have the general 
structure 

p{p'\Al\p),= (3.33) 



u{p' 



u{p) 



where due to the T-invariance of strong interactions the form factors G^, 



Gp and are real. Furthermore 

,{p'\Al\p), = ,{p\Al\pX- (3.34) 

From (|3.33| ) and (|3.34| ) it follows that the form factor (Q^) vanishes. More- 
over the contribution of the pseudoscalar form factor Gp((5^) to the matrix 
elements of the NC-induced processes is proportional to the lepton mass and 
can be neglected (both for neutrino- and electron-induced processes). Fi- 
nally from (|3.32|) and ( p.33|) we have the following relation for the axial form 
factor : 

GliQ') = Iga{Q') (3.35) 

Thus, summarizing, the form factors that characterize the proton matrix 
elements of the u — d part of the NC are connected with the electromagnetic 
form factors of proton and neutron and with the CC axial nucleon form factor 
by the relations 

GliQ') = Iga{Q') 

The matrix elements of proton and neutron are connected by the charge- 
symmetry relations 

P{P'\V^\P)P = -n{p'\V^\p)n 



Ap'\AI\p)p = -n{p'\Al\p)n 



4 Strange form factors of the nucleon 

In this Section we will consider the strange form factors of the nucleon. Let us 
start by considering the one-nucleon matrix element of the vector, = s7aS, 
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and axial, a* = 570,755, strange currents^. They have the following general 
structure 



{p'\v:\p) 

= u{p' 

(j>'\K\p) 



u{p) (4.1) 



where, again, q = p' — p, n = p' + p, the Ffi^Q"^^ 



1, 2, 3) are the strange 



vector form factors of the nucleon and G^IQ"^) {a = A, P, T) the strange axial 
ones, respectively. 

From the invariance of strong interactions under time reversal it follows 
that the form factors FJ'(Q^) and G^IQ"^) are equal to zero. In fact, for the 
axial current T-invariance implies: 



{p\K\p) = {Pt\K\p't)Vo 



(4.3) 



(repeated indexes, in the r.h.s., are not summed) where rj = (1, —1, —1, — 1) 
and the vector \pt) describes a nucleon with momentum pt = {po, —p) and 
in a spin state 



u{pt) = Tu (p) 



the matrix T satisfying the condition 



T7IT-1 



With the help of ([4.3|) and ( [4.5|) it is easy to see that 



(4.4) 



(4.5) 



0. 



Analogously, from T-invariance it follows 

Fim=o. 



^ Notice that the present, general discussion is also valid if the currents of the c and 
the other heavier (isoscalar) quarks are included. 
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Furthermore, from the hermiticity of the neutral currents we have 

{p'lKip) ={p\K\pr, 

{p'\v^\p) = {pIV^IpT- ^ ^ 

From (13) and (gj), it follows that the form factors 2(Q^) and 

G\ piQ"^) are realQ. For the same reasons mentioned above we shall hereafter 
omit the pseudoscalar form factor Gp. 

As an alternative to F^IQ"^) and F2^(Q^), one can define the magnetic 
and electric strange form factors of the nucleon, which are connected with 

2(Q^) by the relations 

GlfiQ') = FaQ') + F^{Q') (4.7) 
GUQ') = FI{Q')-tF^{Q') (4.8) 

which, in the = limit, assume the values 

G^(0) = /X. (4.9) 
cm = 0, (4.10) 

IJ^s being the strange magnetic moment of the nucleon in units of the nuclear 
Bohr magneton. Obviously relation (|4.10|) follows from the fact that the net 
strangeness of the nucleon is equal to zero0. In the region of small we 
have 

GUQ') = -l{r's)Q' (4.11) 



^ In general the vector strange current is not conserved. However, due to T~invariance, 
the one-nucleon matrix element of the vector strange current satisfies the condition 

{p'-pr{p'\v^\p) = o- 

^ In fact, in the Breit system, for the one-nucleon matrix element of the strangeness 
operator 

'3„ 



we have 

{p'\ J Vo^x)d^x\p) = {27rfS^^Hp'^p){p'\Vo%0)\p) = 

= i27rf5^^Hp'~p)u{phouip)GU0) = {2^f2p%^^\p' ^ p)GUQ). 
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where (r^) = —6 {dG%/ dQ'^)Q2^Q is a parameter which can be interpreted as 
the mean square strangeness radius of the nucleon. 

As already mentioned in the Introduction, in the framework of the parton 
model the matrix element (p|^7a755'|p) gives the contribution of the g-quark 
and g-antiquark to the spin of proton. In fact, assuming that the proton is 
in a state with momentum p and helicity equal to one, we have 

p{p\llalb(l\p)p = u{phal5u{p)9A ) (4-12) 

where the spinor u{p) satisfies the equation 

75Mp) = u{p) , (4.13) 

and Sa is the unit vector which obeys the condition s ■ j9 = 0. In the rest 
frame of the nucleon = (0, k) where n is the unit vector in the direction 
of the proton momentum. From ( |4.12| ) and ( [4. 13] ) we obtain 

p{p\qiaim\p)p = Tr7a75^ (1 + 75/) {i> + M)g\ = 2Ms^g\ . (4.14) 

Notice that, by combining Eq. ( [4.14| ) for g = s with Eq. (|1.30|) , one 
obtains the following value for g\: 

6-^(0) = c/^ = -0.12 ±0.03, (4.15) 

which represents the present direct estimate of this parameter from deep 
inelastic scattering experiments. 

Let us consider now the matrix element of the axial quark current in the 
parton approximation, in the infinite momentum frame. We have 



MQlal5q\p)p = —y2^iP^hc.l5u'^{Px){q''{x) + q'{x))dx 

Jo Px r 

= / -2m„siy^ riq^'iz) +t{x))dx (4.16) 



On the other hand, since the net strangeness of the nucleon is equal to zero, we have 

(p'l / VS{x)d'x\v) = 0. 
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where q^{x) {q^{x)) is the density of g-quarks (g-antiquarks) with momentum 
Px = xp and hehcity r, x = Q'^/{2p ■ q) is the Bjorken variable (0 < x < 1) 
and TUq the mass of the g-quark. Taking into account that 



M 



X- 



from ( ^.16| ) we obtain 

p{p\qial5q\p)p = '2Msa / ^r{q''{x)+q''{x))dx. 

JO 



(4.17) 



Now by comparing ( ^.14| ) with ( |4.17| ) one finds that in the parton approxi- 
mation 



9l 



[q^+\x)+q^+\x) 



{q^-\x) +q^-\x)}]dx = Aq. (4.18) 



Thus, the constant g\ = Aq is the contribution of g-quarks and g- antiquarks 
to the spin of the nucleon. 

There exists a large number of papers in which the strange magnetic 
moment fig and the strange radius of the nucleon are calculated within 
different models (pole models, chiral quark models, soliton models, Skyrme 
models, lattice QCD and others). The predicted values of fig and in 
different models are very different in magnitude and in sign. It is not our 
aim here to review these papers and we recommend the interested reader to 
refer to the original literature P5|-|]HT|. 

In summarizing the contents of this and of the previous Sections, for the 
one-nucleon matrix elements of the vector and axial NC of the Standard 
Model we have 



p(n){p\V^^\p)pi^n) 



u{p 



la-'- 1 



NC;p{n) 



2M 



a^,q'Fr''^-\Q') 



pin){p'\K \p)p{n) = u{p')-fal5G 



NC;p{n) 



u{p) 



u{p) (4.19) 
(4.20) 
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where the NC form factors are given by 



-2sm'ewFffiQ') - ^Fl^iQ') (4.21) 
gT''^-\q') = ±Iga{Q') - Ig^AQ') (4.22) 



Equivalently one can consider the NC Sachs form factors : 



-2 Sin' ewGf\Q')-^GUQ') (4.23) 



Gm^^^^("HQ^) = ±1 {Gl,m - GUQ')} - 



-2sin'ewGt\Q') - \Gl,m (4.24) 



The relations ( [4.21|) [or ( [4.23| ), ([4.24|) ] and (|4.22| ) are the basic ones. From 



these relations it is obvious that the investigation of NC-induced processes 
allows one to obtain direct information on the strange form factors of the 
nucleon providing one can "a priori" utilize information on the value of the 
parameter sin^ 6y/ (which is obtained from the measurement of different NC 
processes), information on the electromagnetic form factors of the nucleons 
(which is obtained from the measurement of elastic scattering of electrons 
on nucleons) and on the axial form factor of the nucleon (which is obtained 
from the measurement of quasi-elastic CC neutrino scattering on nucleons). 

The investigation of NC-induced processes in the region Q' <^ 1 GeV^ 
allows one to determine the strange magnetic moment of the nucleon /i^ and 
the strange axial constant g\ directly from experimental data. At larger 
momentum transfers one could obtain information on the Q' behavior of 
the strange form factors of the nucleon. In the next Sections we shall dis- 
cuss possible experiments from which direct information on the strange form 
factors of the nucleon can be obtained. We will also present the existing 
experimental data. 
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Figure 1: Diagrams of the process e + p — e + p. 

5 P— odd effects in the elastic scattering of 
polarized electrons on the nucleon 

There are two types of NC-induced effects which allow one to obtain di- 
rect information on the strange form factors of the nucleon (see for example 
Ref. 



1. The P-odd asymmetry in the elastic scattering of polarized electrons 
on unpolarized nucleons 

2. The NC-induced elastic scattering of neutrinos and antineutrinos on 
nucleons. 

In this Section we will discuss the P-odd asymmetry in the process 

e + p — > e + p (5.1) 



The diagrams of the process (|5.1| ) in lowest order in the constants e and g 
are shown in Fig. |l], where both the exchange of a photon and of the vector 
boson are considered. 
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For the matrix element of this process we have the following expression 



{f\S\^) = ^(2nY6('\p' - p - q)^ [^(^')7"«(A:)(pVrb)- 



GfQ^ _ 



uik')ri9v-9Al,)uik){pV^^\p) 



2^2 



(5.2) 



Here k and k' are the momenta of the initial and final electron, p and p' the 
momenta of the initial and final nucleon, q = k — k', a = c'^/Att and the weak 
NC vector and axial couplings for the electron are: 

9v =-l + 2sm^ew ^^^^ 



9a 



2 • 



Since we will consider polarized electrons, let us introduce the density 
matrix of electrons with momentum k and polarization P. It is given by: 

p(k) = ^{l + ^,p){^ + m) (5.4) 

Here is the four-vector of polarization, satisfying the condition P ■ k = 0. 
In the electron rest frame we have P = (0, P°), the vector P^ being usually 
written in the form of the sum of longitudinal and transverse components: 

where k is the unit vector in the direction of the electron momentum. 

We shall consider scattering of high-energy electrons on nucleons. Thus 
ko ^ m and the polarization vector can be approximated by the expression: 

P° = pO— + p" (5.6) 

" m 

where P± = (0,P°). From (|5.4| ) and (|5.6| ) it follows that the density matrix 
of ultrarelativistic electrons has the form 

p(^) = ^(l + A75 + 75yP±)|^ (5.7) 

where we have introduced the notation A = P^. Notice that for the V — A 
interaction the contribution of the transverse polarization to the cross section 
is proportional to the electron mass and at high energies can be neglected. 
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The lowest order contribution, to the cross section of the process, stem- 
ming from the second (NC) term of the matrix element (|5.2| ) is determined 
by the quantity 



= 1.798 X 10-^^ . 
2V27ra GeV 



A = = 1-798 X 10-^^ , (5.8) 



which is small in the region < we are interested in. Thus, in the cal- 
culation of the cross section we shall only take into account the square of the 
first (electromagnetic) term of ( |5.2| ) and the interference of the electromag- 
netic and NC terms. Let us notice that the interference of the electromagnetic 
and P-even part of the NC term (f ■ V and a ■ A) gives a very small correction 
to the electromagnetic term and can be neglected. 

We shall be interested in the pseudoscalar term of the cross section which 
is proportional to A and is due to the interference of the electromagnetic 
amplitude and P-odd part of the NC amplitude [v ■ A and a ■ V^. It is 
obvious that 

^Tr7-A75^7^ {gv - 9a1,) ft' = X {gvLfik, k') - QAL^^ik fc')} (5.9) 
where 

L''^{k,k') = k^'k'^ + k"'k'^ - g^'^k- k' , (5.10) 
Lf{k,k') = te^^^'-kX, (5.11) 

g"/3po- ]3gij2g the antisymmetric (under the exchange of any two indexes) ten- 
sor, with e°^^^ = —60123 = — 1- 

With the help of Eq. ( ^.9|) the cross section of the process (|5.1| ) can be 
expressed as follows: 



I GfQ' 



dk' 

kn 



9vLfwi,{A)+gj,L^^Wi,iy)_ 
In the above the hadronic electromagnetic tensor is given by 

= ^E/ (pvrip)(pi^rb')5^'Hp'-p-g)^, (5.13) 



29 



while the tensor Wlf^{V) (pseudotensor VF^^(A)) arises from the interference 
of the electromagnetic and vector (axial) part of the hadronic NC: 

W^V) =^Y1 J W\Jr\p){p\Vr\p)+ (5-14) 

+{p'\v:'''\p){p\jr\p')} s^"\p' -p-i)t^^ 

WUA) =^J2 J {{pVr\p){p\A?''\p')+ (5.15) 

+{p\A:^^\p){p\jr\p)}^^'\p ~p-i)^^ 

From Eqs. ( |5.12| ), ( p.l4| ) and ( 5.15 ) it follows that information on the one- 
nucleon matrix elements of NC can be obtained by investigating the depen- 
dence of the cross section of the process ( |0| ) on the longitudinal polarization 
A. 

The SM values of the constants gv and qa are given by ( ^.3|) . The pa- 
rameter sin^^vK is known, at present, with very high accuracy. Its on-shell 
value is given by p9 

sin^ 9w = 0.23117 ±0.00016. 

For the constant gy we have 

gy = -0.0397 ±0.0003. 

Thus in the SM \gv\ <^ \9a\- Taking into account this inequality we can 
conclude from the general expression for the cross section ( |5.12| ) that the 
main contribution to the A-dependent part of the cross section is given by the 
interference of the electromagnetic term and the vector part of the NC term. 
The axial part of the NC term can, nevertheless, be not totally negligible at 
specific kinematical conditions. 

The tensors W^"^, Wl^^iy) and the pseudotensor Wlf^{A) have the fol- 
lowing general form 

w:^ = - [a^p - ^-f-) wr + ^,n^n,wr 

WUV) = - [dafs - ^-^^ Wl + ^^n^n.W^ (5.16) 
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where n = p' + p. Calculating the traces in Eqs. ( ^.13| ), ( |5.14| ) and ( p.l5| ), 
one obtains 



2M 

2 , _r^2 



Wr = ^^±^6 (5.17) 
^ 1 + r V 2M ' ^ ' 



and 



Wl = 2rGMGff6 - ^) 



= 2^^^11±1£m^s (u-^], (5.18) 



2M 



Here u = p-q/M and r = (574^^. 

With the help of Eqs. ( ^.12| ), (|5.17|) and ( |5.18D for the cross section of the 
scattering of electrons with polarization A on unpolarized nucleons we find 
the following general expression: 



dn) [dnj 



(l + XA) (5.19) 



where {da /dVL)^ is the cross section for the scattering of unpolarized electrons 
on nucleons and is given by the Rosenbluth formula 

f da\ {G\ + tG\j 2 ^ 



Here aMott is the Mott cross section 

- ^2 4^ A 2E . ,6^ ^^-2^^ 
AE^ sin^ - 1 + — sin^ - 
2 V M 

where M is the mass of the target nucleon, E and 6 are the energy and 
scattering angle of the electron in the laboratory system. From Eq. (|5.19| ) it 
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follows that the P-odd asymmetry is given by 



1 \dn J 
A = - 



da \ 



- 



dn)^. 



X f do-\ f da\ 

dn) [dnj 



(5.22) 



With the help of (|5l6| ), (|5T7|) and (|5J8|) we find the following ex- 

pression for the asymmetry A in Born approximation: 



NC 



A 

where 



-Ao 



tGmGZ^ + eGeC^^ + (1 - 4 sin^ ew)e'GMG 
tG\j + sG'j^ 



v/r(l + r)(l-£2) 



(5.23) 



l + 2(l + r) tan2(^/2) 



We remind the reader that the NC vector and axial form factors [see 
expressions ( |4.23| ) and ([4.24|) ] can be written in the following form 



G 



NC;p(n) 
M,E 



i { (1 - 4 sin^ e^) G^l - - IgI,,, (5.24) 



^0;p(n) 



G 



NC;p{n) 



'M,E 
1 

:-( 
2 



2 
1 



-G 



M,E 



I /^s 



0;p(n) 



2^A 



(5.25) 



Using the expressions ( |5.24| ) and ( |5.25|) we can explicitly separate the 
terms proportional to strange form factors in the expression of the P-odd 
asymmetry. Indeed the r.h.s. of Eq. ( |5.23| ) can be split as follows: 



where 



-A, 



A = + A^'^ 



tGmGI, + eGeGI + (1 - 4 sin2 ew)e'GMG\ 



tC^j + eG\ 



-A 



tGmG\j + eGeG'^^ 



;i -4sin2 ew)e'GMG\ 



(5.26) 

(5.27) 
(5.28) 
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According to this separation, the asymmetry A^^^ is determined by the 
non-strange electromagnetic and axial form factors of the nucleon and by 
the electroweak parameter sin^ 9w- The asymmetry A^^\ instead, is the 
contribution to the P-odd asymmetry of the strange form factors . As it is 
seen from these expressions the contribution of the axial strange form factor 
to the asymmetry is suppressed by the factor 1 — 4sin^ Oyy ^ 0.075. 

Let us stress that in order to obtain information on the strange vector 
form factors of the nucleon from the measurement of the P-odd asymmetry 
it is necessary to know the nucleonic electromagnetic form factors with large 
enough accuracy. Due to the isovector nature of u — d part of the neutral 
current, even if we limit ourselves to consider the P-odd asymmetry for the 
scattering on the proton, this quantity contains the electromagnetic form 
factors of both proton and neutron. At present the electromagnetic form 
factors of the neutron and particularly its charge form factor is rather poorly 
known. New measurements of the electromagnetic form factors of the nucleon 
are under way or in program at the Thomas Jefferson National Accelerator 
Laboratory (Jefferson Lab) 



6 The experiments on the measurement of 
P— odd asymmetry in elastic e—p scattering 

We will discuss here the results of recent experiments on the measurement 
of the P-odd asymmetry A in elastic electron-proton scattering. 

In the experiment of the HAPPEX collaboration at Jefferson Lab ||8| 



the elastic scattering of electrons with energy of 3.3 GeV at the average 
scattering angle 9 = 12.3° was measured. Consequently the average value of 
the square of the momentum transfer was = 0.477 GeV^. The longitudinal 
polarization of the electrons was in the range 67 -r- 76%. A 15 cm liquid 
hydrogen target was used. In order to select elastic scattering events two 
high-resolution spectrometers were used in the experiment. Only 0.2 % of 
the events were due to background processes. 

Electrons with a polarization of about 70% were obtained by irradiation 
of GaAs crystals by circularly polarized laser light. The polarization of the 
electron beam was continuously monitored by a Compton polarimeter and 
was also measured by M0ller scattering. The combined asymmetry obtained 
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from the results of the 1998 and 1999 data taking is equal to 

^(Q2 = 0.477) = {-15.05 ± 0.98(stat) ± 0.56(syst)} x 10"^ 



(6.1) 



The measured value of the asymmetry allows one to obtain information on 
the following combination of the strange form factors (at = 0.477 GeV^): 



From (|5.28|) and it was found 
G% + 0.392GX^ 



0.069 ±0.056 ±0.039 



(6.2) 



(6.3) 



where the first error is the combined (in quadrature) statistical and sys- 
tematic errors and the second error is determined by the uncertainties on the 
electromagnetic form factors. For the HAPPEX kinematics {G\J iip) ~ 0.36. 
In accordance with the existing data, the ratios of the electromagnetic form 
factors of proton and neutron to the magnetic form factor of the proton were 
taken to be 



E 



0.99 ±0.02 
0.16 ±0.03 
1.05 ±0.02 



(6.4) 



{Gli/l^p) 

The estimated contribution to the asymmetry of the axial form factor G^'" 



was 



Aa = (0.56 ±0.23) X 10-^ 
where the main uncertainty is due to radiative corrections 



(6.5) 



Taking into account ( [4.10|) one can put 

'E 



G1 



^m/ f^p 

where ps is a constant. Furthermore in Ref. fS^ the same Q^-dependence 
of G\j{Q'^) was assumed for the strange magnetic form factor; in this case, 
from (|6.3|) one finds: 



p,±2.9/i, = 0.51 ±0.41 ±0.29 



(6.6) 
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where /ig is the strange magnetic moment of the nucleon [see Eq. ( [4.9| )]. 

The allowed region of values of the parameters ps and fig, obtained from 
( |6.6| ), is shown in Fig. ^ Points are the predictions of different models ^7 . 



The main uncertainties in the determination of the quantity (|6.2|) are 
connected with the electromagnetic form factors of the neutron, which are 
not known, at present, with accuracy large enough. The value ( |6.3| ) was 
obtained 18^ by using (|6.4|) for the magnetic form factor of the neutron. If, 



instead, we take the value 



then 



Gi + 0.392^1 



1.12 ±0.04 (6.7) 



0.122 ±0.056 ±0.047. (6.8) 



p 



Thus the new measurements of electromagnetic form factors of the nucleon 
which are in progress at Jefferson Lab will have an important impact on 
the possibility of obtaining a more precise information on the strange form 
factors of the nucleon from future measurements of the P-odd asymmetry. 

An extension of the HAPPEX experiment (HAPPEX2) is planned 
at Jefferson Lab: it will measure the P-odd asymmetry at a scattering angle 
^ ~ 6°, corresponding to — 0.1 GeV^ thus smaller than in the HAPPEX 
measurement. The motivation for this extension is to explore the possibility 
that the strange form factors can be large at small but then fall off 
significantly at the current HAPPEX kinematics. 

Another experiment on the measurement of the P-odd asymmetry in 
elastic e — p scattering was carried out by the SAMPLE collaboration at 
the MIT/Bates Linear Accelerator Center In this experiment longitudi- 



nally polarized electrons with energy of 200 MeV were scattered in backward 
direction, at scattering angles 130° < < 170°. The average value of the 
momentum transfer squared was (Q^) =0.1 GeV^. A liquid hydrogen tar- 
get was used in the experiment. The scattered electrons were detected by 
air Cherenkov counters. The average polarization of the electron beam was 
equal to 36.3 ± 1.4%. In the latest measurements the following value of the 
P-odd asymmetry was obtained: 

Ap{Q'^ = 0.1) = {-4.92 ± 0.61(stat) ± 0.73(syst)} x 10"^ . (6.9) 
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Figure 2: Band: allowed region from the results of Ref. [§4[ with the assump- 
tions discussed in the text. Points are the theoretical estimates from various 
models. The numbers refer to the list of references for the models as they 
appear in fS^ (the corresponding reference numbers in the present work are 
listed in p^). (Taken from Ref. 
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When electrons are scattered in the backward direction, the parameter e 
in the expressions ( |5.27|) and ( p.28| ) is small and the contribution to the asym- 
metry of the electric strange form factor G% is suppressed. The measurement 
of the P-odd asymmetry allows one in this case to obtain information on the 
strange magnetic form factor of the nucleon, G\.j. From Eq. (|5.23|) for 6' = tt 
we obtain the following expression for the asymmetry: 



GfQ' 



^ + (l-4sin^^^: 



r G 



M 



(6.10) 



The last, axial, term in the above expression is multiplied by the factor 
(1 — 4 sin^ 6v/) which is small (~ 0.07). However, in the SAMPLE experiment 
the value of r is small (r ~ 0.03): hence the contribution of the axial form 
factor turns out to be kinematically enhanced. 

In Eq. ( p.lOp the weak axial form factor of the proton is given, at tree 
level in the Standard Model, by: 



GT 



1 



{Ga - G\) 



(6.11) 



However, as it was pointed out in Ref. [^, the contribution to the P-odd 
asymmetry of the radiative corrections can be large. Taking the latter into 
account, the expression ( |6.11| ) can be written in the form 



= 2[{^ + ^a) Ga- Ra- G\] 



(6.12) 



where R\ and are the radiative corrections to the isovector and isoscalar 



parts of the matrix element. They were calculated to be P3: 



r\ 



-0.34 ±0.28; 



-0.12 ±0.12 



(6.13) 



The electroweak corrections to the nucleon vertex induce the following 
anapole axial term in the matrix element of the electromagnetic current: 



ipvrip) 



la 



(6.14) 



Here a(0) is the anapole moment of the nucleon |^ 



We recall that the 
In 



anapole moment of Cs nuclei was measured in a recent experiment ||93| 
Ref. 



86 1 the contribution to the P-odd asymmetry of the anapole moment 
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of the nucleoli has been calculated in the framework of chiral perturbation 
theory, both for the isovector [(-R^)a] and isoscalar [(-R|4)a] terms. They are 
given by p6|: 



aj 



(1 = 0,1) 



(6.15) 



where is the scale of chiral symmetry breaking. In Ref. for the 
contribution of the anapole moments to R\ and it was found: 



(^R\)^ = -0.06 ± 0.24 , (i?^)^ = 0.01 ± 0.14 . 



(6.16) 



and for the total radiative corrections to the axial form factor G^*" the fol- 



lowing values were obtained: 



R\ = -0.41 ±0.24: 



0.06 ±0.14, 



(6.17) 



The SAMPLE data for the proton were first studied by assuming the 
values ( |6.13| ) for the radiative corrections and the value g\ = —0.1 for the 
axial strange form factor (in agreement with the data of the experiments 
on the deep inelastic scattering of polarized leptons on polarized protons). 
Under these assumptions the following value of the strange magnetic form 
factor at = 0.1 GeV^ was obtained pTl: 



G 



M 



0.61 ±0.17± 0.21 ±0.19 



(6.18) 



where the last error is due to uncertainties in the radiative corrections. 

Recently the SAMPLE collaboration has published the first results of 
the experiment on the measurement of the P-odd asymmetry in the quasi- 

in the same 
d 



elastic scattering of polarized electrons on deuterium |9^, 
kinematical region as in the proton case. The P-odd asymmetry in e 



scattering is given by the following expression [pS]) : 

Ad = (-7.27 ± 1.78G^(T = 1) ±0.756"^^) X 10"^ 
where the term 

G\{T = 1) = -Ga{1 + R\) 



(6.19) 



(6.20) 



includes the axial form factor and the isovector part of the radiative correc- 
tions. The (small) isoscalar part of the radiative corrections and the contri- 
bution of G\ are included in the constant term in Eq. (|6.19|) . 
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The P-odd asymmetry in the scattering of polarized electrons on protons 
can be expressed as follows [pS] : 



Ap = (-5.72 + 1.55G\ + 3.49G^^) x 10"^ . (6.21) 

The measured value of the asymmetry in the SAMPLE e — p experi- 
ment foil is given by (|6.9|) , while the P-odd asymmetry measured in e — d 



scattering turned out to be p5| : 

Ad{Q^ = 0.1) = {-6.79 ± 0.64(stat) ± 0.55(syst)} x 10"^ . (6.22) 



By combining Eqs. (|6.19| ) and ( |6.21| ) with the corresponding experimental 



values, the authors of Ref. |9^ obtained two bands in the (G^, G%j) plane, 
which are shown in Fig. ^ The inner parts of the bands include only statisti- 
cal errors while the outer bounds take into account statistical and systematic 
errors combined in quadrature. The shaded ellipse in Fig. |^ corresponds to 
the la allowed region for both quantities. 

The best-fit values of the form factors and at = 0.1 GeV^ are 
given by: 

G'm = 0.14 ±0.29 Stat ±0.31 syst, (6.23) 
G^(T = 1) = 0.22 ± 0.45 stat ± 0.39 syst . (6.24) 

In order to obtain from Eq. ( |6.23| ) the strange magnetic moment of the 
nucleon it is necessary to assume a Q^-dependence of the strange form factor. 
In Ref. 1^ a model proposed by Hemmert et al. |^6[, based on heavy baryon 



chiral perturbation theory, was used. For the strange magnetic moment the 
following value was then obtained 

/i, = [0.01 ±0.29 Stat ±0.31 syst ± 0.07 theor]/i7v, (6.25) 

where the third error takes into account the theoretical uncertainty coming 
from different theoretical predictions. Thus, from the latest SAMPLE data 
it is impossible to draw any definite conclusion on the value of the strange 
magnetic moment of the nucleon. 

Let us discuss now the value ( |6.24| ) of the axial constant. At = 
0.1 GeV^, in Born approximation and assuming the usual axial dipole form 
factor, we have G\{T = 1) = —1.071 ± 0.005. Taking into account the 
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Figure 3: Allowed regions for the form factors G%j and — (1 + R\)Ga = 
G\ (in the notation of the figure), corresponding to the measurements of 
Refs. ||9l|, ^ of the P-odd asymmetries for the proton unshaded region) 
and for the deuteron hatched region), respectively. The inner regions 
include statistical errors only, the outer ones include statistic and systematic 
uncertainties added in quadrature. The vertical shaded band corresponds 
to the calculated value of —(1 + B}j^Ga using the theoretical estimate of 
Ref. The isoscalar corrections R\ are assumed to be the ones calculated 
in Ref. |8§. (Taken from Ref. ID) 
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radiative corrections calculated in Ref. the following value of the form 
factor G\{T = 1) was obtained |95[| : 



G^(T = 1) = -0.83 ±0.26 (6.26) 

This value corresponds to the vertical band in Fig. ^. Thus, the predicted 
value of G^(T = 1) differs considerably from the experimental value, Eq. ( [6.24] ). 
One possible origin of this disagreement could be connected with a large 
anapole moment of the nucleon . 

The surprising results which have been obtained in the SAMPLE exper- 
iments on the measurement of the P-odd asymmetry in e — p and e — d 
experiments require further theoretical efforts in the calculations of the ra- 
diative corrections and further experiments, which will allow to check these 
results (see also the recent review [0). At present the SAMPLE collabo- 



ration has proposed a new experiment ^ on the measurement of the 
P-odd asymmetry in the scattering on deuterium of polarized electrons with 
energy of 120 MeV (thus lower than in the previous run). At this energy the 
asymmetry will be smaller, but the cross section will be significantly larger. 

One final remark about the measurement of strange magnetic moment of 
the nucleon is in order: with the help of expression (|2.9|) for the electromag- 
netic current, we can present the Pauli form factors of proton and neutron 
in the following form: 



F^ = iFi + {-\) F- + {-\) Fi 



(6.27) 



where F| is the contribution of the g-quark (g = m, d, s) to the Pauli form fac- 
tor of the proton. We have used in Eqs. (|6.27|) the isotopic SU(2) symmetry, 
from which it follows 



p 



If we set = and take into account that -^2(0) = '^p = 1.79, -F^(O) 
Kn = —1.91, we obtain: 

1-79 = ^^2"(O)+(-^)i^2'(O)+(-0/^., 
-1.91 = '^F,\0) + ( -l) Fm + ( -I) f^s 



gZV/ ,3, ZV/ ,3 
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These relations can be combined to give: 



F^{0) = /x,-2.03 ^"-^^^ 

Thus, the measurement of the strange magnetic moment of the nucleon 
will allow one to determine the contribution of the u and d quarks to the 
magnetic moments of proton and neutron. From ( |6.28| ) it follows that if 



fXs > 0.18 then F:^{0) > |-F2'^(0)|, while in the case that fis < 0.18 the opposite 
inequality holds, F2"(0) < |F2'^(0)|. 

A new experiment on the measurement of P-odd asymmetry in elastic 
electron-proton scattering is going on at the Mainz Microtron Facility ||100|| . 
The energy of the electron beam in this experiment is of 855 MeV. The scat- 
tered electrons are detected at a scattering angle of 35° (Q^ = 0.227 GeV^). 
The polarization of the electron beam is 80%. It is expected that the P-odd 
asymmetry will be measured with statistical accuracy of 3% and system- 
atic error of 4%. The combination of strange Dirac and Pauli form factors 
Fl + 0.13^2* at = 0.227 GeV^ will be determined from this experiment 
with accuracy of 0.02. 

Finally, the GO collaboration is measuring now the P-odd asymmetry in 



elastic electron-proton scattering at Jefferson Lab [101 . It is expected that 
from the data of this experiment the strange form factors will be determined 
with a few % accuracy at different values of in the interval 0.1 < < 
1 GeV2. 

Thus, in the nearest years we will have new information on the strange 
vector form factors of nucleon, an information which could have an impor- 
tant impact on our understanding of the nucleon structure and of strong 
interactions. 



7 P— odd asymmetry in the elastic scattering 
of electrons on nuclei with S = T = 

In this Section we shall consider the elastic scattering of polarized electrons 
on nuclei with spin and isotopic spin equal to zero (like "^He, ^^C, etc.). 
Interest for this case was raised in past works ||102| , |103| , p,04| , |105 |. 



e + A 



e + A 



(7.1) 
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It is evident from the SU(2) isotopic invariance of strong interactions that in 
this case the matrix elements of the isovector currents and A^^ are equal 
to zero. Also the matrix element of the axial strange current is equal to 
zero[|. 

The matrix element of the process ( [7.1D is given by the general expression 



(5.2) in which p {p') refers now to the initial (final) nucleus and, as before, 
q = p' — p and = —q^. The process ( [7.1|) can be represented by the same 
diagrams of Fig. |l], with the exchange of 7 and between the electron and 
the nucleus. 

For the matrix element of the electromagnetic current J'^ we have now 

{pVT\p) = ip'Klp) = {p + pXFm (7.2) 

where is the isoscalar component of the electromagnetic current and 
FlQ"^) is the electromagnetic form factor of the nucleus (there is only one 
form factor in the case of a spin zero nucleus). 

Similarly the nuclear matrix element of the NC reads 

ipVa^lp) = {P'\ (-2sin2^H/Jr - ^K:) \p) = iP + PlaF'^^iQ') (7.3) 
where 

F^C(g2) = _2 sin2 OwFiQ^) - ^F'{Q') (7.4) 

and F^IQ"^) is the strange form factor of the nucleusQ. 

At = the form factor F^Q"^) is equal to the total charge of the 
nucleus 

F(g2 = o) = z 



^ In fact, the matrix element {p'\A^\p) is a pscudovector and depends only on p and p' 
(p and p' being the momenta of the initial and final nucleus). It is obvious that from two 
vectors it is impossible to build pseudovector. 

Let us notice that the current is not conserved and the matrix element of the 
strange vector current has the following general form 

{P\v:\p) = ip'+pUF^iQ') + {p' ~p)a.G^{Q'). 

However from T-invariance of the strong interactions it follows that the form factor is 
equal to zero. 
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while for the strange form factor we have, in the same hmit, 

F^(Q2 = 0) = 

(the net strangeness of the nucleus is equal to zero). 

At small we can expand the two form factors as follows: 

= -\{rl)Q' + ... 

where (r^) is the mean square of the electromagnetic radius of the nucleus 
and {r1) is the mean square of the nuclear "strangeness radius". Let us notice 
that in the impulse approximation, for nuclei with N = Z, we have 

F%Q') ^ 2GUQ') .7 
Fm Gl{Q')+GUQ')' 

The general expression for the cross section of the scattering of electrons 
with longitudinal polarization A on nuclei with zero spin can be obtained 
from Eq. (|5.12| ) by setting Wlp{A) = 0. One gets then: 

where Ma is the mass of the nucleus and the tensors and W^f^{V) are 
given by Eqs. (|5.13|) and ( ^.14|) . 

For a spin zero nucleus the tensors and W^f^iy) have the following 
general form 



rem 



where n = p + p'. It is then easy to show that 

Wr = F\Q^)6^u-^'j 



(7.8) 
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Here u = E — E' = p ■ q/M^ is the energy transferred to the nucleus in the 
laboratory system. 

By inserting ( [7.7| ) and ( |7.8| ) into ( |7.6| ), we obtain the following expression 
for the cross section of the scattering of electrons with longitudinal polariza- 
tion A on spin zero nuclei: 



da\ f da 



dVt J ^ \ dVt J Q 
Here 



;i + A^) . (7.9) 



{%)-o...FHQ') (7.10) 

is the cross section for the scattering of unpolarized electrons on nuclei, aMott 
being the Mott cross section for a target nucleus of mass Ma- 

AE^ sin^ - 1 + sin^ - 

2\ Ma 2, 

In the above 9 is the scattering angle and E the initial energy of the electron 
in the laboratory system. 

The P-odd asymmetry A is then given by [|106|] 



As it is clearly seen from (|7.12| ), the measured value of the asymmetry can 
be different from 



^(o)(g') = sin2 9w = 8.309 x lO"^-^ (7.13) 

v27ra GeV 



only if the strange form factor E'^{Q'^) is different from zero. Important 
information on the strange form factor of the nucleus can be obtained from 
the investigation of the dependence of the asymmetry: if the quantity 
A{Q'^)/Q'^ depends on Q^, it would be the proof that the strange nuclear 
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form factor is different from zero. Finally, should it occur that the P-odd 



asymmetry ( [7.12|) is negative, it would imply that the strange form factor of 
the nucleus is large and negative. 



From ( |7.12| ) it follows that the strange form factor of a nucleus with S=0 
and T=0 is determined by quantities that can be experimentally measured. 
In fact we have 



1 /da\ 
O'Mott \d^/o 



2V2' 



TXOL 



(7.14) 



An experiment on the measurement of the P-odd asymmetry in the elastic 
scattering of polarized electrons on ^He is under preparation at the Jeffer- 
son Lab [|107]| . The square of the momentum transfer in this experiment is 
expected to be = 0.6 GeV^. Two high resolution spectrometers will be 
employed. The target will be a circulating ^He gas system. Thus this exper- 
iment will be able to measure the above discussed strange form factor of a 
spin zero nucleus. 

We like to mention, here, that the P-odd asymmetry in the elastic scatter- 
ing of polarized electrons on nuclei represents an almost direct measurement 
of the Fourier transform of the neutron density, since the Z°-boson preferen- 
tially couples to neutrons. Indeed for 0^ 0"*" transitions, it is easy to show 



that the P-odd asymmetry can be expressed in the following form ||10S 



A= -A, 



1 



:i-4sin2 ew) - 



J drjo{qr)pn{r) 
J dfjo{qr)pp{r) 



(7.15) 



which is valid both for isospin symmetric {Z = N) and asymmetric {Z ^ N) 
nuclei. In Eq. ( [7.15|) pn (pp) is the neutron (proton) density and jo{x) the 
spherical Bessel function of order zero. Taking into account the value of 



sin^ 9w, the last term in the right hand side of Eq. ( [7.15|) dominates the 



asymmetry and directly gives information on the neutron distribution. In 
fact the denominator coincides with the form factor F{Q'^), which can be 
measured independently [see Eq. ( [7.1(J| )]. The Parity Radius Experiment 
(PREX) at the Jefferson Laboratory plans to measure the neutron radius i?„ 
in ^°^Pb through parity violating electron scattering | ]1U9|| . The measurement 
of the neutron skin in a heavy nucleus [Rn is generally assumed to be a few 
% larger that the proton radius) will have important implications on our 
knowledge of the structure of neutron stars, which are expected to have a 



solid, neutron-rich crust [IIC . 
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8 Inelastic Parity Violating (PV) electron scat- 
tering on nuclei 

In addition to PV elastic electron scattering on proton, deuterium and S = 
0, T = nuclei, the P-odd asymmetry can be considered in the process 
of inelastic scattering of polarized electrons on nuclei. Several basic ideas 
motivate this investigation: the scattering on the single proton is not suf- 
ficient to determine the various unknown form factors which enter into the 
PV hadronic response; one is thus immediately led to consider also neutrons 
(namely deuterium) and more generally nuclei |104| , |111|| . 



As we have discussed in the previous Section, the special case of elastic 
scattering on spin-zero, isospin-zero targets offers an unambiguous possibility 
to measure the strange form factor of the nucleus. However this type of 
investigation is confined to modest momentum transfers since the elastic 
nuclear form factors rapidly fall off with increasing momentum, with the 
exception of the very light nuclei. Therefore one would like to have additional, 
complementary information from other electron scattering measurements. 
One possibility is the inelastic excitation of discrete states in nuclei, but most 
probably the corresponding cross sections are not large enough to permit high 
precision information to be extracted. 

A more promising case is the quasi-elastic (QE) scattering namely the 
inelastic scattering of electrons in the region of the so-called quasi-elastic 
peak [|112|1 . This process roughly corresponds to "knocking" individual nu- 
cleons out of the nucleus without too much complication in the final nuclear 
state, in particular from final state interactions. QE scattering occurs for a 
given three-momentum transfer q = \q\, approximately at energy transfer 
uj = Q"^/ (2M)|^ The width of the peak is characterized by the Fermi mo- 
mentum pf of the specific nucleus under study. In this kinematical region 
the cross sections are generally proportional to the number of nucleons in 
the nucleus, and thus are prominent features in the inelastic spectrum. One 
might then hope to perform high precision studies, which would complement 



work on parity-violating elastic electron scattering p2|, |113| . 

The focuses of this investigation are multiple: on the one hand one wishes 
to understand the role played by the various single-nucleon form factors in 
the total asymmetry. By changing the kinematics [q, uj and the scattering 

Here we adopt the customary notation = uj for the energy transferred to the 
nucleus; hence = — 9^ = — uP' . 
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angle 9) and by adjusting and Z through the choice of different targets, 
one can hope to alter the sensitivity of the asymmetry to the underlying 
form factors. Of course a precise study of nucleonic form factors from the 
scattering on nuclei is possible only if nuclear model uncertainties are well 
under control. On the other hand the measurement of the asymmetry in PV 
QE electron scattering brings into play new aspects of the nuclear many- 
body physics, namely the ones related to the nuclear response functions to 
NC probes. This might involve a sensitivity of the cross sections to specific 
dynamical aspects which cannot be revealed with the customary reactions 
employed in nuclear structure studies. 

These issues were extensively discussed in Ref. 



114 where PV quasi- 



elastic electron scattering was studied within the context of the relativistic 
Fermi gas (RFG). Let us consider the inclusive process in which a polarized 
electron with four-momentum k and longitudinal polarization A is scattered 
through an angle 6 to four-momentum k', exchanging a photon or a Z° to 
the target nucleus: 



A 



A* 



(8.1) 



We generically indicate with A* the final nucleus in an excited state, in which 
one (or more) nucleons are ejected. The leading order diagrams contributing 
to the amplitude of the process ( p.l| ) are illustrated in Fig. ^. Only the final 
electron is detected and fixes the kinematics of the process. 

The inclusive cross section for the scattering of polarized electrons on 
unpolarized nuclei can be written as: 



W 1 



+A 



2P 
GfQ^ 



dk' 



f8.2) 



where the leptonic tensor and pseudotensor, L"^ and L5 , are given in 



Eqs. ( ^.101 ) and ( p. 11] ). The hadronic (electromagnetic and interference) ten- 
sors are defined as: 



' a/3 



SATM^ [ dp dp' 



■6^^\p — p — q) X 



Ep Epi 

^0{pF-\p\)e{\p'\-pF) [w^f)^ 



(8.3) 
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Figure 4: Single photon exchange and exchange diagrams for electron 
scattering from nuclei. 



and 

xOiPF - \p\)e{\p'\-pF) [W^i(V^, . (8.4) 

In Eqs. (pD and (U) Ep = + and the single-nucleon (s.n.) tensors 
are: 

l'^"/3 Js.n. - -^'^M \9ap ' ^ j + ^^^^ ^^'^^ 

K/3(^)].... = -^rGMGlf - ^) + 

^^^^ iT~T ^^-^^ 

MM)] s.n. = ^2'o.,p.P'1^^GmG^<' , (8.7) 

where Xa = Pa — Qail ■ p) / 1"^ ■ The expressions ( |8.3| ) and ( |8.4] ) for the nuclear 
hadronic tensors are obtained in the Impulse Approximation (lA), which 
amounts to consider the electron-nucleus interaction as an incoherent su- 
perposition of electron-nucleon scattering processes. Moreover the nucleus 
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is described as a gas of non-interacting, relativistic nucleons, with momen- 
tum distribution 3N'/{Attp^)6{pf — \p\), Pf being the Fermi momentum. In 
Eqs. ( p.3| ) and (|8.4| ) J\f = Z,N is the number of protons or neutrons in the 
nucleus and the function 6{\p' \ —pr) ensures that the final nucleon is excited 
above the Fermi level (Pauli blocking effect). We also notice that the total 
cross section is obtained from the sum of the contributions from protons and 
neutrons, each of them being calculated by using the pertinent nucleonic 
form factors in the single-nucleon tensors (|8.5|) - (|8.7|) . 

From the above equations one can derive the expression for the double- 
differential (with respect to the energy, /cq = e', and scattering angle, Q, of the 
final electron) inclusive cross section for the inelastic scattering of polarized 
electrons on nuclei. The sum of the cross sections for electrons with opposite 
polarization 

/ (Pa \^'^ (Pa, (Pa_ . j, , , , ^ 

coincides with the inclusive, parity-conserving cross section for unpolarized 
electrons, which is obtained from the electromagnetic hadronic tensor only. 
Their difference, instead, 

/ (Pa (i^cr+ (i^cr_ 



(Mde' ) dQde' dQde' 



denotes the parity-violating inclusive cross section, which is obtained from 
the interference hadronic tensors Wli^{V,A). It corresponds to the interfer- 
ence between the matrix elements for the exchange of one photon and the 
one for the exchange of a Z° boson. In Eqs. (|8.8| ), (|8.9|) aMott is the Mott 
cross section and 



=('^), .. = ^^ + tan^l^ (8.10) 



1 1 

VT' = ^j-^ +taiP -e tan-e (8.11) 



are lepton kinematical factors. 
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The functions R^^^\q,uj) {q = \q\) are the longitudinal (transverse) elec- 
tromagnetic nuclear response functions, which are given by: 

=W^^, (8.12) 
R'{q,u;) =W^^ + W^^, (8.13) 

the direction of the three-momentum transfer q being assumed as 2;-axis. 
The corresponding parity-violating nuclear response functions are defined 
as: 

R\yiq,u;) =g^W^,{V), (8.14) 
Rly{q,uj) = SA [Wi,{V) + Wi,{V)\ , (8.15) 
<^(g,^) =tgvWl,{A). (8.16) 

By measuring the cross sections for the scattering of electrons with both 
polarizations one can determine the asymmetry: 

/ (i^cr+ (i^cr_ \ , / (Pa: d' 



\dnde' dVLde' J ' \dnde' ^ dVlde 

° VLRHq,^) + VTR^iq,^) ' 



where is defined in Eq. ( |5.8| ). 

Within the RFG model the above defined nuclear response functions can 
be analytically evaluated. By performing the integrals over p one obtains: 

i?^'^(g, u) = i?o(g, ^)f/'"^(g, uj) (8.18) 

RAviQ^^) = Roiq,^)9AUAvi(l,^) (8-19) 
R^Aiq, u;) = Roiq, u)gvU^'A{q, u) (8.20) 



where 



3AfM 



2 



Roiq, 00) = (Ef - r) e (Ef - r) . (8.21) 

^qPp 

In Eq. (lOTI) Ef = \/v\ + is the Fermi energy and 
r(g, Lo) = max < {Ep — uj). 
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Two regimes exist: (i) q < 2pF, where F = Ep — uj and Pauli blocking occurs; 
and (ii) q > 2pF, where T 



1 + ^ — ujj and the responses are not 

Pauh blocked. The remaining dependence on q and u in Eqs. (|8.18|) - (|8.2CI|) 
is contained in the reduced responses: 



U^{q,u 



AV 



{q,uj 



2tGI 



2 ^ <! G^G^^ 



1 



+ [GeG^^^ + TGMG^,f) a|(8.22) 



^rGuGfp 



[GeG^^ + rGAjG^f) A 



v/r(l + r)4GMGr(l + A'). 



Here the following functions of q, uj and pi? have been introduced: 



2M2 



A'^1 
2g 



1 + r 



{Ef + T + uj}-l 



(8.23) 
(8.24) 



In most kinematical situations the quantities A and A' are small and 
their effect on the P-odd asymmetry is negligible, below the percent. It is 
interesting to notice that by setting A = A' = the presence of the nuclear 
medium in the response functions ( p.l8| )-( ^.20[ ) is felt through the function 
RQ^q.uj) only. The latter obviously cancels in the expression ( ^.17| ) of the 
asymmetry, thus leading to the same combination of form factors which was 
obtained in the case of elastic electron-proton scattering. This fact endures 
the possibility of using the measurements of quasi-elastic cross sections in 
the scattering of polarized electrons on nuclei to extract information on the 
strange form factors of the nucleon. Indeed, as discussed in Ref. ||114|| , the 
nuclear physics dependence of the P-odd asymmetry which emerges from the 
calculations in the RFG model is rather weak. 

Typical results for ^^C are shown in Fig. ^. The Fermi momentum is taken 
to be pf = 225 MeV and the strange form factors are set to zero. In the upper 
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panels the two electromagnetic response functions {R^, R^) are displayed as 
a function of energy transfer uj, for three typical 3-momentum transfers, q = 
0.3, 0.5 and 2 GeV. The intermediate panels show the corresponding parity 
violating responses R^v^ -^av RyA- Quasi-elastic scattering allows one 
to explore these quantities (as well as the P-odd asymmetry) in different 
kinematical ranges. The values corresponding to the peak of the responses 
{u = Q'^/2M) are 0.09, 0.24 and 2.4 GeV^ respectively, but for each case 
a range of different is explored (for example 1.9 < < 2.9 GeV^ in 
the right panels), thus showing one of the advantages of this investigation. 
Once these response functions are multiplied by the (angle dependent) lepton 
kinematical factors ( ^.10 ), ( 8.11| ) and combined as in Eq. ( ^.17 ), one obtains 



the asymmetry shown in the lower panels of Fig. ^. It ranges from a few 
X 10~^ at forward angle and low g to a few x 10~^ for a broad range of angles 
at g = 2 GeV. 

Further, one can examine the sensitivity of the P-odd asymmetry to 
the nucleon strange and non-strange form factors . At backward scattering 
angles vl/vt —>■ 0, vt'/vt — * 1 and the terms containing magnetic and 
axial form factors dominate (in spite of the gy factor which penalizes the 
interference with the axial nuclear current). In Ref. ||114|| the electromagnetic 



form factors of the proton were parameterized with the usual dipole form, 
with a cutoff mass My = 843 MeV; for the neutron the following form factors 
were used: 

Gl^iQ') = . ^""^i^;^, . (8.25) 



1 + 



M'y 



Gim = , (8.26) 

1 + ^1 (1 + A„r) 



where the Galster ||115| , |116|| parameterization for was assumed, with 
/In = —1.1913 and A„ = 5.6. The standard value of the parameter pM„ is 
unity; it accounts for possible deviations as in Eq. ( p.4| ). The axial isovector 
form factor was parameterized as 

^ 9A 



Ga{Q')= , (8-27) 



1 + 



Ml 
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^[xlO ^] Nuclear Response Functions [xlO '^MeV '] 

-3 -2 -1 -1 -0.5 0.5 1 1.5 2 




Figure 5: Relativistic Fermi gas respoMe functions and asymmetry for C at 
different values of g, shown as a function of uj. The location of = Q"^ / (2M) 
is indicated by the arrows. Further explanations in the text (Taken from 
Ref. EH)- 



with Ma = 1 GeV. For the strange form factors the following parameteriza- 
tion was adopted: 

Ge{Q') = — ' (8-28) 



Gum = ^ TTvl ' (8-29) 



1 + ^1 H + XlrT) 



Ml) 

9a^ 



G\m = , (8.30) 



where the second factor in the denominators accounts for possible deviations 



of the high-r dipole fall-off. In Ref. ||114|| the values X% = A„, A^^ = A^ = 
were used. 

The correlations between different parameters used in modeling the form 
factors were examined by looking at the dependence of one parameter from a 
second one (all the remaining ones being fixed) keeping the P-odd asymmetry 
constant. In Fig. |] a few examples of these correlation plots are shown for 
at g = 500 MeV, u = Q^/{2M) and 6 = 150°: the lines marked 0% 
correspond to a (constant) value of A which is obtained starting with the 
"standard" values (e.g. qa = 1.26, ps = in the upper right panel). Lines 
marked +1% (—1%) have asymmetries 1.01^ (0.99^), with a corresponding 
meaning for the lines marked ±5%. From these curves one observes, for 
example, that at this particular choice of kinematics, a ±1% determination of 
the asymmetry would permit a ±5.6% determination of qa if everything else 
were known (we refer the reader to the above discussion on the uncertainties 
on this parameter due, e.g., to radiative corrections). A ±5% determination 
of A likewise would translate into a ±28% uncertainty in qa- In fact, there 
are uncertainties in the other parameters which enter into the problem and 
in the nuclear model itself. 

The parameter A„ characterizes the high-r fall-off of the electric form 
factor of the neutron, G^: we see from the left upper panel of Fig. |^ that, if 
the latter will be determined in future experiments to ±10%, this only trans- 
lates into a ±0.6% uncertainty in qa- Obviously this relatively minor effect 
is due the backward kinematics, which suppresses the longitudinal contribu- 
tions. The left lower panel of Fig. |^ shows the correlation between qa and the 
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Figure 6: Correlation plots for at g = 500 MeV, uj = Q^/{2M) and 9 = 
150°. The asymmetry is constant for any pairs of parameters corresponding 
to the line marked 0%. For lines marked ±1% (±5%) the asymmetry remains 
constant at values 1% (5%) larger or smaller than that obtained with the 
canonical choice of parameters. The panels show correlations of qa with A^, 
Ps, Us and g\. Further explanations in the text (Taken from Ref. ||114|| ). 
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strength of Glj, fig- if this parameter goes from to —1, (from to 1) then 
would decrease (increase) by 34.7%. This correlation is rather important: for 
example if qa were known to ±10%, then fig would be constrained to ±0.29. 
Finally the right lower panel shows a non-negligible correlation between qa 
and g%. 

One should also notice, here, the potentialities offered by the use of dif- 
ferent nuclear targets. Indeed the measurement of A in inelastic electron- 
nucleus scattering can give information not only on the strange nucleon form 
factors, but also on the non-strange parts of the weak neutral form factors of 
the nucleon. This can be achieved by filtering the latter with a suitable choice 
of Z and A^, such that, for example, it enhances the isovector contributions 
to the nuclear response and eventually cancels the isoscalar ones. 

As an illustration, let us consider the product GuG^f in f^Jy or GmGa'^ 
in UyA, in Eqs. ( |8.22| ): in a {Z,N) nucleus both G%j and Ga enter A mul- 
tiplied by the combination ZG^^j + NG\[, whereas the non-strange contri- 
butions (e.g. the isovector part of G^'^) enter with ZG^.^ — NG\j. Hence 
the ratio of the strange to the non-strange transverse pieces is {ZG\j + 
NGIj)/{ZG'^j^ - NGl^). This ratio is 1 for the proton, 0.187 for a Z = iV 
nucleus and can be further reduced to be nearly zero by choosing a nucleus 
whose NjZ ratio is very close to —fip/ fin- The case of tungsten (-'^'^''W), hav- 
ing advantages for high luminosity experiments, gives a ratio of —0.009. In 
Fig. 1^ correlation plots are shown for q = 500 MeV and 9 = 150°; the results 
for ^^C and ^^^W are obtained by integrating over the entire quasi-elastic re- 
sponse region, although there is no significative difference between the peak 
asymmetry and the integrated result. In (a) a significative interplay appears 
between qa and pm„, more pronounced in H than in C and W, but not negli- 
gible even in the last case. In (b) and (c) instead, it is clearly shown that no 
correlation exists in W between qa and the strangeness parameters fig and 
Qa- thus an N > Z nucleus such as tungsten appears to have advantages for 
the determination of Ga in backward-angle scattering. 

A special case with N = Z is the deuteron, which we have already men- 
tioned in Section |^, discussing the SAMPLE experiment at MIT/Bates. In 
the kinematic region around the QE peak the P-odd asymmetry for the 
deuteron can be evaluated in the so-called "static" approximation, in which 
the contributions to the cross sections of protons and neutrons at rest are 



57 




Figure 7: Correlation plots as in Fig. showing qa correlated with (a) Pm„, 
(b) /is and (c) g% for q = 500 MeV and 9 = 150°. Three cases are shown: 
elastic scattering from hydrogen (labelled H) and quasi-elastic scattering 
from carbon (C) and tungsten (W). Only the ±1% contour lines are shown. 
For tungsten two different Fermi momenta are used: = 250 MeV for 
protons and = 285 MeV for neutrons. (Taken from Ref. ||1 14|| ) . 
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summed incoherently |p.l7||: 



(- 



^ =2 



9a 



vl 



2Q2 



+ 



+9V 



VT\/Til 



^NC;p I /^NC;n 



X 



2Q^ 



(8.31) 



This formula can be obtained from the RFG , setting the terms A and A' 
in Eqs. ( ^.221 ) to zero and taking N = Z = 1. The dependence of the P- 
odd asymmetry on the deuteron structure was studied in Ref. ||117|| , under 
different conditions. The authors concluded that in the kinematical region 
around the QE peak deviations from the static model are within 1 or 2 
%. A more recent study of the deuteron structure effects in Ad for the 
specific kinematic conditions of the SAMPLE experiment can be found in 
[|118|| . To get a flavor of the general sensitivity of Ad to the single nucleon form 
factors one can consider the transverse contributions in Eq. ( p.31| ), which are 
dominant at large scattering angles, as in the SAMPLE experiment. As 
already stated for the general case N = Z, the strange form factors G\,^ and 
G\ enter the transverse contributions to the asymmetry multiplied by the 
combination G^j + G^j- and are suppressed by a factor ~ 0.187 with respect 
to the contribution coming from the isovector axial form factor Ga, which is 
multiplied by G^j — G^j. 

As a final issue in this Section let us consider forward-angle scattering: 
at small 6 and fixed q, uj it is vl/vt — > 2Q'^/q^ and vt'/vt —>■ 0, so that 
the contribution of the response RT'{q,uj) is suppressed. In this situation 
considerable sensitivity of the asymmetry to the electric strange form factor 
can be achieved. In Fig. || the correlation plot of ps versus fig is shown for 
12c at g = 500 MeV and 9 = 10°. 

From all the above consideration, quasi-elastic scattering of polarized 
electrons on nuclei can be considered, with appropriate choices of the kine- 
matical conditions, as a useful tool to determine the strange form factors of 
the nucleon; it can also provide important information on the non-strange 
components of various nucleonic form factors , which are still waiting for a 
precise determination. Although it goes outside the scopes of the present 
review, we also mention that the measurement of parity-violating nuclear 
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response functions would open new and interesting possibilities to explore 
the nuclear dynamics as viewed by weak neutral probes and to test nuclear 
models in the domain of medium-high excitation energy ||119| , p.2CI|| . 



9 Elastic NC scattering of neutrinos (antineu- 
trinos) on the nucleon 

Direct information on the strange form factors of the nucleon can be obtained 



from the investigation of the NC processes ||121| , |122 



v^{V^) +N ^ u^{V^) + N (9.1) 

The amplitude for the process of neutrino (antineutrino) scattering is given 
by the following expression 

{f\S\i) = T^n{k')r (1 T 75) «(fc)(pVrb)(2vr)V^)(p' - P ' O) (9-2) 

where k and k' are the momenta of the initial and final neutrino (antineu- 
trino), p and p' the momenta of the initial and final nucleon, q = k — k' 
and 

jNC _ T/AfC aNC 
•J a — ~ ^a. 

is the hadronic neutral current in the Heisenberg representation. 

The matrix elements of the vector and axial NC are given in the Stan- 
dard Model by the expressions (|4.19| ) and ([4.20|) . The cross sections of the 
processes ( PTT| ) turn out to be 



where 



while the tensor L°'^{k,k') and pseudotensor L'^^{k,k') are given by ( |5.10| 
and (|5.11|) , respectively. 
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It is evident that W^^f has the following structure 



(9.5) 



where, with obvious notation, the tensorW^^'*''^'^ is due to the contribution 
of the vector- vector and axial-axial NC, whereas the pseudotensor W^^^ is 
due to the interference of the vector and axial NC. 

After performing the traces over spin states, they become (r = Q'^/AM'^, 
n = p + p'): 



+ 



9al3 



1 + r 



2M 



+ 



(9.6) 



and 



^c.f3 - Jp(^a/3paP P M '-'A \ V - — 



(9.7) 



respectively. 

Taking into account that 



dk' 



TT r ClQ dv . 



p ■ k 



(9.8) 



from Eqs. (p.3|), ( |9.6| ) and ( |9.7| ) we obtain, correspondingly, the following 
expressions for the differential cross sections of the processes (|9.1| ): 



da 



NC 
u(v) 
Or p 

1 



+ 



E 
2M 



y{GlFf 



E 

1 H y 



+ ( 2?/^ + 1 - y + (GTr ±2y(l-ly] GffG^ 



(9.9) 
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Here 



p ■ q _ 

p ■ k 2p ■ k 



(9.10) 



and E is the energy of neutrino (antineutrino) in the laboratory system. 

In order to obtain information on the strange form factors of the nucleon 
from the investigation of the processes ( |9.lD it is necessary to know the axial 
CC form factor Ga [see relation ([4.22|) ]. The latter can be determined by 
investigating the quasi-elastic processes 



+P 



(9.11) 



The amplitudes of these processes are given, respectively, by the expressions 
. G F 



{f\sV) 



i^u{k')r{l - 75)«(fc)(pVf ^b)(2vr)^5(^)(p' -p - ^.12) 



z^«(fc')7"(l + 75)«(A:)(pVa''^b)(2vr)^5(^)(p'-P 



.13) 



where k and k' are the momenta of the initial (v^) and final /x^ (/i+) 
lepton, p is the momentum of the initial n (p) and p' the momentum of 
the final p {n). The Heisenberg vector and axial charged currents are the 
"plus" -components of the isovectors and A^, [see Eq. (|3.24| )]. 

In Section |^ we have considered the one-nucleon matrix elements of the 
axial current v4^+*^. Let us discuss now the matrix element of the vector 
current V^^*^. Due to isotopic invariance of the strong interactions the vector 
current is conserved (Conserved Vector Current, CVC) ||123|] : 

d"V^ = 0. 

Thus the matrix element of the vector current satisfies the condition 

(p'-pT p{p'\V^^''\p)n = (9.14) 
and has the following general form 



p{pKnp)n = u{p') 



2M 



u{p) (9.15) 
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where -Fpl^(Q^) are CC form factors. The corresponding Sachs CC form 
factors are given by 

G'iFiQ') = FF^{Q^)+FF^{Q^) (9.16) 

G%'m = Fr(g^) - ^F^W^) (9.17) 

An important property of the isovector current is given by its commu- 
tation relation with the isospin operator 

[h,Vi] = te^.iV^ (9.18) 

where Ik is the total isotopic spin operator. From Eq. ( |9.18|) it follows that 

V^^''=[Vlh^.2] . (9.19) 

Taking into account the charge symmetry of strong interactions, from 
(|9.19| ) the following relations hold: 

Let us notice that in the derivation of these relations we have used the ex- 
pression ( |2.17| ) for the e.m. current. Thus the CC vector form factors are 
connected with the electromagnetic form factors of proton and neutron by: 

G^FiQ') = Gl,{Q') - GUQ') (9-20) 



The cross sections of the processes (|9.11| ) are given by the expression ( |9.3|) 
in which W^/f have to be replaced by 

It is obvious that in order to obtain the cross sections of the quasi-elastic 
processes ( |9.11D it is necessary to replace the NC form factors in the expres- 
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sion ( |9.9| ) by the CC ones (we are neglecting the muon mass). One gets: 



da 



dQ 



cc 



u{V) 



2-K 



(9.23) 



E 



2M 

1 o M \ / 1 



y 



The most detailed study of the elastic NC scattering of neutrinos (antineu- 
trinos) on protons was done in the experiment 734 at BNL in 1987 [|124|| . A 
170 ton high resolution liquid-scintillator target-detector was used in this 
experiment. The liquid-scintillator cells were segmented by proportional 
drift tubes. About 79% of the target protons were bound in Carbon and 
Aluminum nuclei and about 21% were free protons. 

The neutrino beam was a horn-focused wide band beam. The average 
energy of neutrinos was 1.3 GeV and the average energy of antineutrinos was 
1.2 GeV. The spectrum of neutrinos and antineutrinos was determined from 
the detection of quasi-elastic + n —* fi~ + p and 17^ + p ^ fj,^ + n events. 

The angle between the momenta of the recoil protons and of the incident 
neutrinos as well as the range and energy loss were measured. The measure- 
ment of the range and energy loss provided an effective particle identification 
and the determination of the kinetic energy of the recoil protons. 

The background from the neutrons entering into the detector was elim- 
inated by restricting the fiducial volume down to about 19% of the total 
volume of the detector. After all cuts, 951 neutrino events and 776 antineu- 
trino events were selected. 

The differential cross sections 

= - — J ^- — . (s-^^) 

obtained by folding the cross sections (|9.9|) with the BNL neutrino and an- 
tineutrino spectra ^v(v) {Eu{v)), were determined from the data of the exper- 
iment [124]. Their values are presented in Fig. ^ by points. For the ratios 
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of (flux averaged) total elastic and quasi-elastic cross sections, for Q"^ in the 
interval 0.5 < < 1 GeV^, the following values were obtained: 

^BNL ^ ^ z/^p)) ^ ^^^^ ^ ^^^^ ^ ^^^^ (syst)(9.25) 

R^^^ = (^('^mP ^ ^i^P)) ^ 218 ± 0.012 (stat) ± 0.023 (syst)(9.26) 
j^BNL ^ ^Q_3Q2± 0.019 (stat) ±0.037 (syst) (9.27) 



The fit of the data presented in Ref. ||124|| was done under the assump- 
tion that the contribution of the strange form factors of the nucleon can be 
neglected and that the axial CC form factor is given by the dipole formula 



Ml 

with Ga{0) = 1.26. The parameters Ma and sin^6'vv' were considered as free 
parameters. From the simultaneous fit of the neutrino and antineutrino data 
the following values 

sin^Ow = 0.218t°:°^? 
Ma = 1.06 ± 0.05 GeV 

were found (with = 15.8 at 14 DOF). The value of the axial cutoff Ma was 
in a good agreement with the existing (at that time) world-average value 

Ma = 1.032 ± 0.036 GeV (9.29) 

which was found from the data of the experiments on quasi-elastic neutrino 
and antineutrino scattering. The solid curves in Fig. ^ were obtained with 
the above best-fit values of the parameters. 

In Ref. ||124|| it was also reported the result of the fit of the data on NC 



elastic neutrino (antineutrino)-proton scattering under the assumption that 
the contribution of the strange vector form factors can be neglected and the 
axial strange form factor has the same dependence as the CC axial form 
factor 



^ ^ 2(1 + QVMD' ^ ' 
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Figure 9: The data points are the measured flux-averaged differential cross 
sections for z/^p — z/^p and I/^p — > V^p measured in the experiment of 
Ref. ||124|| . The solid curves are best fits to the combined data with the 
values Ma = 1-06 GeV and sin^ = 0.220. The error bars represent sta- 
tistical error and also include Q^-dependent systematic errors. (Taken from 
Ref. [H) 
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Figure 10: Simultaneous fit of dajdQ^ for tlie neutrino and antineutrino 
elastic scattering samples in the (Myi, ?7)-plane {x] = — G'^(O)), with sin^6'iy 
fixed at 0.220. In the fit has been constrained at the world-average value 
Ma = 1.032 ± 0.036 GeV. (Taken from Ref pp. 



For the parameter sin^ 9^ the value 0.22 was taken. The parameter Ma was 
constrained to the world-averaged value ( |9.29| ). From this fit it was found 

G'^(O) = -0.12 ±0.07. (9.31) 

Thus, from the results of the fit we described above, it follows that —0.25 < 
Ga{0) < at 90% CL. It is necessary to stress, however, that there is a 
strong correlation between the values of the parameters Ga{0) and Ma (see 



Fig. IIOD 



The data of the BNL experiment were re-analyzed in Ref. [|125|| . In this 
work not only strange axialhut also strange vector foim factors, F^i^Q"^) and 
P^iQ"^)-! "were taken into account. It was assumed that all non-strange form 
factors have the same dipole Q^-dependence, with My = 0.843 GeV. The 
parameter Ma was considered as a free parameter. It was also assumed that 
the electric form factor of the neutron is given by Eq. (|8.26| ). These authors 



made several fits of the BNL data under different assumptions on the values 
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of the parameters that characterize the strange form factors. For the latter 
the following parameterizations were chosen: 



(l + r) 1 + ^ (1 + r) 1+ 



G\m =^^^7^^, (9.32) 



1 + 



Ml 



which have the same (dominant) Q^-dependence as the non-strange form 
factors.0 For the value of the parameter sin^ Oy/ the world average value 
sin^ 6y/ = 0.2325 was taken. 

If we neglect the contribution of all strange form factors and keep as the 
only variable parameter M^i, then an acceptable fit to the data can be found 
with 

Ma = 1.086 ± 0.015 GeV 

{x^ = 14.12 at 14 DOF). This value of Ma is in a good agreement with the 
world-average value 

Ma = 1.061 ±0.026 GeV. 

If we neglect the contribution of the vector strange form factors only, the 
best fit to the data is obtained with: 

G^(0) = -0.15 ± 0.07; Ma = 1.049 ± 0.019 GeV 



^^We notice that some authors, both in the study of PV electron scattering and of 
neutrino scattering, have assumed parameterizations similar to the ones of the non-strange 
form factors directly for the Sachs form factors G|; The parameterizations used here 
for 2 correspond to: 

(AA-PFf ~ Us)t 1 
cm) = ^ I7T2 



' Mi 

{aivPfit + i_ 

l + r ^ . Qi 

^ Ml 



2 
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(;^2 ^ 9 73 13 J30F). 

Hence there is a strong correlation between the values of parameters Ma 
and 6*^(0). This correlation is connected with the fact that both negative val- 
ues of G^(0) and larger values of Ma increase the cross sections of neutrino- 
and antineutrino-proton scattering. 

Finally, if we consider all strange form factors and Ma to be variable 
parameters, then from the fit of the BNL data we get 

= -0.39 ± 0.70, Ff = 0.49 ± 0.70 GeV'^ 
G'^{0) =-0.13 ±0.09, Ma = 1.049 ± 0.023 GeV 

(X^ = 9.28 at 11 DOF). 

The authors of Ref. ||125|| concluded that from the data of the BNL exper- 



iment it is not possible to make firm conclusions on the values of the strange 
form factors of the nucleon. The result of the fit strongly depends on the 
value of the parameter Ma which determines the behavior of the axial 
CC form factor. Satisfactory fits were obtained for values of the strange ax- 
ial form factor G^(0) in the range from to —0.15 ± 0.07, depending on the 
value of Ma- There are no doubts that new experiments on the measurement 
of NC elastic neutrino (antineutrino) proton scattering are necessary. 

Information on the strange axial constant of the nucleon G^(0) = Qa can 
be obtained from the measurement of the ratio R of the total cross sections 
for the production of protons and neutrons in quasi-elastic scattering of 
neutrinos (antineutrinos) on nuclei with isotopic spin equal to zero. 

A detailed calculation was done for the nucleus ^^C and for the neutrino 
beam of the Los Alamos Meson Physics Facility (LAMPF) (with neutrino 
energies less than 200 MeV) ||126| , |127|| . The nuclear structure effects were 
taken into account in the framework of the random phase approximation; 
the final state interaction of the ejected nucleon was included through a 
finite-range force derived from the Bonn potential. Although this issue goes 
somewhat beyond the subject of this Section, we present it here since the 
original suggestion was founded on the hypothesis that nuclear structure 
and/or final state interaction effects appreciably cancel in the ratio of quasi- 
elastic i/fz7)-nucleus cross sections. 



In order to illustrate the sensitivity of the method proposed in |126, 127 



let us notice that the main contribution to the cross sections of quasi-elastic 
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neutrino scattering comes from the axial NC form factor: 




(9.33) 



For the ratio R we have then|^ 



R 




~ 1 




(9.34) 



Thus, in the ratio of the cross sections the effect of the strange form factor 
is more than doubled. An important advantage of measuring the ratio R 
is connected with the fact that this quantity is not affected by the absolute 
normalization of the cross sections. 

A measurement of the above ratio is planned at the LSND detector at 
Los Alamos. The detector is made of mineral oil (CH2) and reveals NC 
neutrino induced knockout reactions by measuring the energy deposition of 
the recoiling nucleons, with an energy resolution of 5% for nucleon kinetic 
energies T/v > 50 MeV. The available neutrino beam is produced by pion in 
flight decay and is composed of about 80% neutrinos and 20% antineutrinos. 
The yields of protons and neutrons can be measured as a function of the 
recoiling nucleon kinetic energy, with an average over the nucleon angle, 
as the detector has no angular resolution. The total cross sections are then 
obtained by integrating the differential yields over the nucleon kinetic energy. 
While all neutron events come obviously from quasi-elastic scattering, the 
proton events can be produced both in free scattering on protons and in 
QE scattering on ^^C, therefore a kinematical cut has to be applied in order 
to exclude free proton contributions, when forming the proton over neutron 
ratio. The maximum kinetic energy that can be transferred by the neutrinos 
available at Los Alamos to a free proton, at rest in the laboratory frame, 
is about 60 MeV; therefore the lower limit T/v > 60 MeV is adopted in 
calculating the cross sections. 

^■^We address the reader to a possible source of confusion existing in the literature: this 
approximate expression for the ratio R suggests a "reference" value, without strangeness 
effects, R — 1. In fact, even if the axial NC form factor contribution is dominant, also the 
vector NC form factors (which are different for protons and neutrons also in the absence 
of strange form factors) contribute to the neutrino scattering cross section, producing 
a deviation from 1 of the reference value. The size of this deviation depends on the 
kinematical conditions and on the specific kinematical cuts applied in calculating the 
cross sections. 
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In Ref. [ p,26|| it was shown that in the range of neutrinos energies of 
LAMPF, the ratio R practically does not depend on the neutrino energy and 
consequently on the uncertainties in the neutrino spectrum. In particular 
the ratio calculated averaging the cross sections over the expected neutrino 
spectrum was found to be practically the same as the one obtained for fixed 
Ey = 200 MeV, a value which has been used in further studies (see Section 

PD. 

It was also shown that the ratio of the cross sections for the scattering 
of neutrinos on free protons and neutrons differs from the ratio of the cross 
sections of the quasi-elastic knockout of protons and neutrons from ^^C, 
calculated within the random phase approximation, by no more than 10%. 
Q This fact was presented as a reason for using the free expression as a 
qualitative guidance in understanding the role of the different contributions 
to the ratio. This small difference can also be taken as a first indication that 
the ratio R weakly depends on nuclear effects. This argument will be further 



developed in Section 12 



Beside the axial form factor G\ the effects of the strange form factor F2 
were also studied, while was not considered since its effects are expected 
to be small at the energies of interest for the Los Alamos experiment. 

Since the Los Alamos beam is in fact a mixture of neutrinos and antineu- 
trinos, the experimentally measured quantity will be obtained as the ratio of 
a "weighted average" of both types of cross sections, namely 

Rlampf = I (9-35) 

(a) = J $(£') cr{E) dE being the cross section averaged over the neutrino or 
antineutrino flux ^y(jj-)[E). 

The effects of F2 are of opposite sign for neutrinos and antineutrinos, 
hence the sensitivity of the experimental ratio to can be reduced in the 



measured quantity (|9.35|) . Due to the different rate of change of the separate 



y and v cross sections with the strange axial form factor, the effects of g\ 

-'^''More specifically for the case of free nucleons the following limits on the outgoing 
nucleon kinetic energy were assumed in the calculation of the total cross sections: 50 < 
Tjv < 59.7 MeV. With this choice the neutrino p/n ratio was found to be: 

^ _ 0.66 - 0.84G^(0) + 0.25 {G\{Q)f - 0.254F|(0) + 0.2G^(0)i^|(0) 
^ 0.75 + 0.92G^(0) + 0.25 {G\{Q)f + 0.254i^|(0) + 0.2G^(0)F|(0) ' 
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Figure 11: Ratio of the integrated proton- to neutron yield for the quasi- 
elastic neutrino induced reactions on ^^C as a function of —G\{0) = —Gs{0) 
in the conditions of the LAMPF decay-in-flight neutrino beam. The various 
curves correspond to different values of -^2^(0) = fig- (Taken from Ref. ||127|| ) 



on the experimental ratio can also be altered. In Ref. |p,27|| it was found 
that assuming a spectrum made of 80% neutrinos and 20% antineutrinos the 
sensitivity of ( |9.35| ) to g\ was increased with respect to the pure neutrino 
ratio, while the sensitivity to F2 was decreased. The corresponding results 
are presented in Fig. |Tl|, where the dependence of the ratio R on the axial 
strange constant —G\{0) is shown. 

Notice, however, that a subsequent study ||128|| , which used an updated 
spectrum for the antineutrinos, showed that the sensitivity of R to both g^^ 
and F2 is close to the one of the pure neutrino ratio. An analysis of the 



experiment on the measurement of the ratio R is going on at LAMPF ||129 



It is planned that in this experiment the ratio R should be measured with 
an accuracy of 10%. If —Ga{0) < —0.2 an effect of Ga{0) will be seen. 
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10 Neutrino— antineutrino asymmetry in elas- 
tic neutrino (antineutrino)— nucleon scat- 
tering. 

As we have seen before, the precise measurement of the cross sections of 
the NC neutrino (antineutrino) scattering on nucleons allows one to obtain 
direct information on the strange form factors of the nucleon if the electro- 
magnetic form factors of proton and neutron and the CC axial form factor 
are known. At present there exist detailed information on the electromag- 
netic form factors of proton and neutron, which was obtained from the data 
of numerous experiments on elastic electron-proton and electron-deuteron 
scattering [p.3CI| , |131|] . New information on the electromagnetic form factors 



of the proton was recently obtained by the Jefferson Lab Hall A Collabora- 
tion ||132|| , which measured the polarization of recoil protons in the scattering 



of polarized electrons on unpolarized protons. The axial form factor of the 
proton is rather poorly known and, as it was pointed out in the previous 
Section, the main problems in extracting information on the strange form 
factors from the existing neutrino (antineutrino)-proton data are connected 
with the uncertainty on the axial form factor. 

In Ref. |]133|| a method was proposed, which allows one to obtain infor- 



mation on the strange form factors of the nucleon in a model independent 
way. 

Let us consider the NC processes: 

u^ + N -^u^ + N (10.1) 
V^ + N ^V^ + N. (10.2) 



The difference of the cross sections of the processes ( |10.1|) and (|10.2|) are 
given by [see Eq. (|9.9D]: 

, \ NC / , \ NC / 1 \ 

^^"^ (10.3) 



y being defined as in Eq. (|9.10|) . Hence, the above difference of the neutrino 



and antineutrino cross sections is determined only by the magnetic and axial 
NC form factors. The axial and magnetic NC form factors of the nucleon are 
given by Eqs. (|4.22| ) and ([4.24|) , respectively. The latter can be rewritten in 
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the form: 



^ NC;p{n) 1^3 O oiv^S zi ^ 



;io.4) 



where G\i = \{G\,j — G\[) is the isovector form factor of the nucleon. 
Let us consider now the CC processes 



(10.5) 
(10.6) 



From Eq. ( |9.23| ) it follows that the difference of the cross sections of the 
reactions (|10.5| ) and ( |10.6| ) is given by 



da 



CC 



da 



CC 



4G| 
vr 



y 



1 - -y 



;io.7) 



Thus, this difference is determined by the isovector electromagnetic form 
factor and the CC axial form factor, which are the u — d part of the magnetic 
and axial NC form factors of the nucleon. 

Let us now define the following neutrino-antineutrino asymmetry: 



da 
dQ' 



NC 



da 



NC 



da 



CC 



da 



CC 



:io.8) 



From Eqs. ([TOj) and (^O^), we hav(^ 

G 



•Ap{n) 



±1 




±1 - 2sin^ 9w- 



Gm^^""^ 1 G 



M 



;io.9) 



Thus, in the asymmetry A the strange axial and vector form factors enter in 
the form of the ratios G\/Ga and G\j/G\j. Taking into account only terms 
which depend linearly on the strange form factors we can rewrite Eq. (|10.9|) 
in the following form: 



1 Gil 



A — zsi ——M. -r — 



ylO 



;io.io) 



More precisely, in Eq. ( 10.9 ) enters -AjKudP; however, we do not write explicitly the 
CKM matrix element since we neglect the small deviation of \Vud\ from unity. 
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where 



1 / n p(") 

^S(n) = 4 lT2sin2 0H.^^l (10.11) 



M 



is the expected asymmetry in the case that all strange form factors are equal 
to zero. Thus, should it turn out that the measured asymmetry is different 
from JP, it would be a model independent proof that the strange form factors 
are not negligible with respect to the non-strange ones. 

Usually in neutrino experiments nuclear targets are used. Accordingly 



we can average the asymmetry ( |10.8|) over the protons and neutrons; then 



we obtain (assuming, e.g., an isospin symmetrical nucleus) the following ex- 
pression: 

{A) = {A') + I sinHw^^ . (10.12) 



9 " riz r' 



Here 



{A') = ^{l-2smHw) 

and = (G^j + G^)/2 is the isoscalar magnetic form factor of the nucleon. 
In the expression for the averaged asymmetry (A) only the axial strange form 
factor enters: in fact the interference between the (isoscalar) strange vector 
form factor and the isovector axial form factor vanishes after averaging over 
p and n. 

We notice that the electromagnetic form factors of the nucleon enter 
into the expression for the asymmetry Ap(n){Q'^) in the form of the ratio 

^m"V^a/- is ^^11 known that the electromagnetic form factors satisfy the 
approximate scaling relation 

where /ip and /i^ are the total magnetic moments of proton and neutron. 
Using the values 

fip = 2.79, fin = -1.91, sin^ Ow = 0.23, 
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we obtain the following expressions for the asymmetries in the scaling ap- 
proximation 

Ap = 0.12-0.12^-0.13^^^ 



Ga 



M 



An = 0.16 + 0.16^ + 0.13^ 

Ga G^j 

{A) = 0.14 + 0.02-^. 

Ga 

Thus, the asymmetries Ap and An are rather sensitive to both axial and 
magnetic strange form factors. The contribution of the axial strange form 
factor to the averaged asymmetry (A), instead, is suppressed due to the 
smallness of the isoscalar magnetic moment of the nucleon with respect to 
the isovector one. 

The neutrino-antineutrino asymmetry depends on the ratio of the mag- 
netic form factors of the proton and neutron. There exists a rather detailed 
information on the magnetic form factor of the proton in a wide range of 
up to 30 GeV^ |135|, [T36|, |138|, |139[. The experimental data show 



that the behavior of the form factor at high can not be described by the 
standard dipole formula. 

The magnetic form factor of the neutron is less known than the one of the 
proton. A large part of the information on the neutron form factors has been 
obtained from experiments on the measurement of quasi-elastic scattering of 



electrons on deuterium and other nuclei [|140|, |141|] . In order to extract from 
these data the electromagnetic form factors of the neutron it is necessary to 
take into account the neutron binding, final state interaction, contribution of 
meson exchange currents and other effects which rely on theoretical models. 

In order to calculate the expected neutrino-antineutrino asymmetry with 
an error band connected with the uncertainties of the electromagnetic form 



factors, in Ref. ||133|| a fit of the data on the magnetic form factors of proton 
and neutron was done. The range 0.5 GeV^ < < 10 GeV^ was considered 
and the following two-poles formula was adopted for the magnetic form factor 
of the proton: 

9k = ^1 + ^'^1 . (10.14) 

/ip 1 + a2Q^ 1 + asQ^ 



It generalizes the dipole formula and was previously proposed in Ref. | 142 | 
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For the magnetic form factor of the neutron the expression 



r^n rip 

^ = ^(l + a4Q^) , (10.15) 

was taken, where the parameter 04 takes into account the deviation from the 
scahng relation ( p.0.13| ). From the fit of the data the following values for the 



parameters were found: 

ai = -0.50 ±0.04, 
_ n 71 -I- n no 

(10.16) 



ai = -0.50 ±0.04, 
as = 0.71 ±0.02, 
ag = 2.20 ±0.04, 
04 = -0.019 ±0.004. 



In the calculation of the expected asymmetry the parameterizations proposed 
in Ref. ||130| , |143|| were also used. 



The Q^-behavior of the strange form factors is unknown. Different para- 
meterizations of the strange form factors were thus considered in Ref. ||133 



For the sake of illustration in Fig. [T^ the result of the calculation of the 
asymmetry in the elastic neutrino (antineutrino)-proton scattering is shown. 

Here it was assumed that the strange form factors are given by the dipole 
formulas 



9a rys ^r^2\ _ 

1± 



G\{Q') = , . , G\,m = , , (10.17) 



in which the following values were used for and My-. 

M'^ = Ma = 1.032 GeV, = My = 0.84 GeV . (10.18) 

The dashed area was obtained under the assumption that 9^ = 1^8 = 0: 
it corresponds to the error band associated (to a confidence level of 90%) to 
the uncertainties ( |10.16[ ) in the parameterization of the magnetic proton and 



neutron form factors . The dashed and dotted curves display the effect of 
the axial strange form factor (with g\ = —0.15) and correspond to different 
parameterizations ( ||133|| and ||143|| , respectively) of the electromagnetic form 



factors. These curves were obtained under the assumption that fig = 0. The 
solid and dot-dashed curves demonstrate the effect of both strange axial and 
vector form factors. They were obtained with g\ = —0.15 and fis = —0.3. It 
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Figure 12: Plot of 4|\4rfp^p as a function of Q^. The shadowed area corre- 
sponds to the uncertainty induced by the errors in the magnetic form factors 
in the absence of strange contributions. All the curves were obtained using 
a dipole form for Fj^iQ"^) with g\ = —0.15. The dashed (dotted) curve was 
obtained with GfjiQ^) = utilizing the fit of Eqs. ([m^ ) and (re- 
spectively, the WT2 fit ||143|| ) for the magnetic form factors of the nucleon. 
The solid (dot-dashed) line was obtained using a dipole form for Gfj{Q'^) 
with fig = —0.3 and utilizing the fit of Eqs. ( |10.14]) and (|10.15|) (respectively, 
the WT2 fit) for the magnetic form factors of the nucleon. (Taken from 
Ref. p3|] ) 



79 



is worth noticing that the slow variation of the asymmetry with is due to 
the deviation of the magnetic form factors from the scahng relation (|10.13|) . 

Thus the measurement of neutrino-antineutrino asymmetry could allow 
one to resolve the contribution of the strange form factors. Let us notice that 
the combined effect of the axial and vector strange form factors depends on 
the relative sign of g\ and [ig- If the sign are the same (as it is assumed 



in Fig. 12) the contribution of both form factors to the asymmetry sum 



up. Should the signs be opposite (which could be the case if /x^ > pl| ) 
the contributions to the asymmetry of the vector form factor would tend to 
compensate the effect of the axial one. 

We have assumed in Eq. ( 10.17| ) that strange and non-strange form fac- 
tors have the same behavior. According to the asymptotic quark counting 
rule ||144| , |145|| , it would be natural to expect that the strange form factors 
decrease with more rapidly than the non-strange ones. In this case the 
contribution of the strange form factors to the asymmetry will disappear at 
high . Calculations which consider this situation were made in Ref. [ 133| 
and show that the region ^ 1 -^ 2 GeV is probably the optimal one to 
look for the effects of strangeness in neutrino-nucleon scattering. 



11 The elastic scattering of neutrinos (an- 
tineutrinos) on nuclei with S=0 and T=0 

In this Section we will consider the processes of the elastic NC scattering of 
neutrinos (antineutrinos) on nuclei with S=0 T=0 ||104| , |10(j| , |146| , |147|| . 



z/ (z7) + A , z/ (z7) + A (11.1) 

The matrix element of the process for the scattering of neutrinos (an- 
tineutrinos) is given by the expression 

= T^u(A:')7"(lT75)t^(fc)(pVrb)(27r)V^)(p'-p-?) (11-2) 

Here k and k' are the momenta of the initial and final neutrino (antineutrino), 
q = k — k' , p and p' are the momenta of the initial and final nucleus. The 
cross section of the processes (|11.1|) are given by the general expression ( |9.3|) . 



The axial current, Aq*", and the isovector part of the vector NC, Vj(l — 
2sin^^VK), do not give contribution to the matrix element of the processes 
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( |1 1 . 1| ) . For the isoscalar part of the vector NC we have, in general, 

(P iKf ^b) = r^.F^^(g^) + g.G^^(Q^) • (11.3) 

Here n = p + p' , q = p' — p and = 2MaT (T is the kinetic energy of the 
final nucleus). 

The form factor G^^i^Q"^) is equal to zero due to T-invariance of the 
strong interactions. The remaining form factor F^^{Q'^) can be written in 
the form 

F^C(Q2) = _2 sin^ ewF{Q^) - \f\Q^) (11.4) 

where FiQ"^) is the isoscalar electromagnetic form factor and F'^{Q^) the 
strange form factor of the nucleus. From Eqs. ( |11.3D and ( |9.4| ) we have 

Then, from Eqs. ( |9.3D and ( |11.5| ) it follows that the cross sections of the 
scattering of neutrinos and antineutrinos on a nucleus with S = 0, T = are 
equal to each other and are given by the expression 

dai, da-jj Cjp ( p ■ q Q 



dQ^ dQ^ 271 



where E is the neutrino energy in the laboratory system. 

Thus, the strange form factor of the nucleus can be determined from the 
measurement of the cross section of the process ( |11.1D if the electromagnetic 
form factor of the nucleus F{Q'^) is known. The latter can be determined from 
the measurement of the cross section of the elastic scattering of unpolarized 
electrons on the nucleus, which is given by the expression 

dae 4:710^ f p ■ q Q 



dQ^ 



From Eqs. ( 11. 6|) and ( |1 1 . 7|) we can find the relation connecting the strange 
form factor of the nucleus with the corresponding (measurable) cross sections: 
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or, equivalently, by extracting the elastic form factor from ( |11.7 ): 



F'{Q^) = ±2 



p-q 

MaE 



27T da, 



^ T 2 sin^ 9 



dae 



;il.9) 



In Eqs. (Ill .81 ) and (|11.9| ) the upper (lower) signs refer to a positive (negative) 
value of the quantity 4 sin^ OwF + F"^. 

We remind the reader that the P-odd asymmetry in the scattering of 
polarized electrons on nuclei with 5 = and T = is determined by the 
ratio F^'-^/F [see Eq. ( [7.12| )]. On the other hand the ratio of the cross 
sections ( |ll.(j| ) and ( |11.7D is determined by the ratio {F^^ / F)"^ . Hence, by 
comparing ( [7.14| ) with ( |11.8|) , we find the following general relation between 
quantities, which are measurable in the scattering of neutrinos and electrons 
on nuclei with S" = and T = 0: 



(11.10) 



where the plus (minus) sign have the same correspondence as in Eqs. ( |11.8|) 
and ([iLgD . 

Let us stress that the relation ( p,l.lU| ) takes place for any reactions of the 
type { \!. 1|) and ( |1 1 . 1|) in which the initial and final nuclei have S" = 0, T = 0. 
It can be violated only if in the neutral current there are scalar and/or tensor 
terms. 

The observation of the process of the scattering of neutrino on nuclei 
requires the measurement of the small recoil energy of the final nucleus. It 
could be easier to detect the process of scattering of neutrinos and electrons 
on nuclei if the nucleus undergoes a transition to excited states. 



Let us consider, for example, the processes ||106 | 



z/ + ^He 
e + ^He 



u + ^He* 
e + ^He* 



where "^He* is the excited state of ^He with with S* = and T = and 
excitation energy of 20.1 MeV. This state can decay into p and radioactive 
■^H [[148|| . The matrix element of the neutral current for the above processes 
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is given by: 



{p\vr\p) 

2 



(11.11) 



Pc 



p-q 

g2 



Fin 



It is obvious that the contribution of the form factor Gm can be neglected. 
For the form factor F,„ we have 



;il.l2) 



where Fi^iQ'^) and F^^{Q'^) are the me/asizc electromagnetic and strange form 
factors. All the relations that were obtained for the elastic case are valid also 
for the inelastic processes providing we change everywhere the elastic form 
factors by the inelastic ones and we use ioi p-q [e.g. in Eqs. ( |11.6| ) and ( |11.7| )] 
the relation: 



p-<l = \Q' + \[Mf-Ml) 



;ii.i3) 



M\ being the mass of the excited state. Other S" = 0, T = nuclei, like 
^^C and ^^O, could offer similar (perhaps better) possibilities of detecting v- 
induced transitions to S" = 0, T = excited states. Admittedly, the detection 



of the decay products of these excited states could be fairly difficult ||149| , |150 
Moreover, according to theoretical calculations | ]151| |, the strength of these 
isoscalar transitions is generally much weaker than the corresponding isovec- 
tor ones. Yet, the measurement of the cross sections ( 11. til ) and ( |11.7| ) (or 
the analogous ones for inelastic processes) would allow a model independent 
determination of the vector strange form factor of the nucleus. 



12 Neutrino (antineutrino)— nucleus inelastic 
scattering 

As we have seen in considering the Los Alamos future experiment and the 
BNL measurement of the axial strange form factor (see Section one can 
consider neutrino scattering on both free nucleons and nucleons bound inside 
complex nuclei. The latter are convenient targets, as many neutrino detectors 
often contain nuclei as well as free protons. In fact even the Brookhaven 
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"free" scattering data were mostly obtained from the scattering of z/, z7 on 
Carbon, corrected for the Fermi motion and other nuclear effects. 

In considering bound nucleons, especially at low energies such as the ones 
available at Los Alamos, it is important to be able to describe the effects 
of the nuclear many body structure and to evaluate the impact it can have 
on the measured quantities, in order to correctly interpret the experimental 
results in terms of single nucleon properties. Results from quasi-elastic (QE) 
electron scattering, which has been widely studied, can provide a guidance 
for selecting reliable nuclear models. However NC neutrino processes involve 
additional complications, with respect to the inclusive electron scattering. 
In fact, as the outgoing neutrino cannot be measured experimentally, an 
hadronic signature that the reaction has taken place has to be detected. The 
corresponding cross sections are therefore exclusive (or semi-inclusive) in 
the hadronic sector, similar to a coincidence electron scattering process, but 
inclusive in the leptonic sector, so that a detailed balance of the energy and 
momentum transfer is not possible any more. 

In this Section we will summarize the studies which have been proposed 
in order to evaluate the impact of nuclear uncertainties on the extraction of 
the strange axial form factor of the nucleon from neutrino nucleus scattering, 
in particular from the measurement of the ratio which is under study at Los 
Alamos. A general review about neutrino-nucleus scattering processes can 



be found in [104 



We will consider the following processes, 

u^{V^)+A~^v^{V^) + N+{A-l) (12.1) 

in which a neutrino (antineutrino) of four-momentum k interacts with a 
nucleus A in its ground state and a nucleon is emitted, and detected, in the 
final state, with four-momentum piv = {En,pn), while both the states of 
the daughter nucleus and the outgoing neutrino remain undetected. 

Most of the models used in the literature describe the above quasi-free 
processes within the Impulse Approximation, where the neutrino is assumed 
to interact with only one nucleon, which is then emitted, the remaining nu- 
cleons being spectators. After the interaction with the neutrino, the struck 
nucleon can be considered as free (Plane Wave Impulse Approximation) or 
the residual interaction with the recoiling system can be taken into account, 
either directly or indirectly, through distorted wave functions. The different 
calculations proposed in the literature then differ by the models employed to 
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describe the bound nucleus as well as the emitted nucleons. A schematic rep- 
resentation of the neutrino-nucleus scattering amplitude and, respectively, of 
its description within the PWIA is given in Figs. |I3| and [1^. 




Figure 13: Schematic representation for the amplitude, in Born approxima- 
tion, of the neutrino-nucleus scattering. 



A model which has been employed very often in the literature is the 
Relativistic Fermi Gas (RFG), in which the bound and the outgoing nucleon 
are described by plane waves. Although the Fermi Gas is not completely 
realistic, thanks to its simplicity it is a useful guidance to understand the 
behavior of the different cross sections. Therefore, before illustrating various 
results, we briefly present the relevant formalism.]^ 

The RFG cross section is obtained by averaging over the nucleon momen- 
tum distribution the cross section for the scattering on a free moving nucleon 

The same model was considered in Section ^ for the description of the P-odd asym- 
metry in quasi-elastic electron-nucleus scattering. Here, however, the kinematic situation 
is different, since the final neutrino is not detected, while the nucleon ejected from the 
nucleus is the only observable final particle in the process. 
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Figure 14: Representation of the i/-nucleus scattering in the Plane Wave 
Impulse Approximation. 



of four-momentum p. Its general expression can thus be written as: 

ydENdQN J (27r)2 47rp3, ko J K po ^ ^ ' ' 

x5(^) (k -k' + p- pn) S (ko -k'o+po- En) x 

xe{pF - \p\)0{\pn\ -pf) (l"'^ T Lf) , 

where the integration over the momentum of the outgoing neutrino, k', has 
been included exphcitly. Here {W^if)s.n. is the single nucleon NC hadronic 
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tensor, which is given by the following expression: 



withQ 



+ 



r(Gjrf)' + (l + r) {GT)'] (^?. 



QaQfS 



l+T 



+ 



Pa 



{P ■ Q) Qo 



+ 



;i2.3) 



In Eq. ( p.2.2|) L"^ and L"^ are the leptonic tensor and pseudotensor, given 
in Eqs. ( 5.1U ) and ( 5.11| ), respectively; is the Fermi momentum of the 
nucleus under consideration, {3Af) / {4:7Tpp)9{pF — \p\) is the momentum dis- 
tribution of the nucleons in the RFG, = Z,N being the number of protons 
or neutrons. We notice that the NC form factors which are contained in the 
hadronic tensor [W^^f^ ^ ^ are different for protons and neutrons: hence the 
proton form factors have to be used in Eq. (|12.3| ) when the QE emission 
of a proton is considered and, conversely, the neutron form factors have to 
be used when the emitted particle is a neutron. The function 9{\pn\ — Pf) 
takes into account the effects of Pauli Blocking on the ejected nucleon. The 
effects of an average binding energy of the bound nucleons can be taken into 
account by subtracting a (constant) term to the initial nucleon energy in the 
argument of the energy conserving delta function, po ^ Pq — B. 

Writing explicitly the contraction between the leptonic and the hadronic 



^^We noti ce th at th e expression ( 12.3 ) is analogous to the sum of the ones contained 
in Eqs. (9.6) and (9.7), but without the energy conserving delta functions (here explicitly 



included in the integral) and with Xa instead of na = Pa + PNa = '^Pa + Qa- The two 
notations are equivalent for the scattering of massless leptons, since the contraction of L°'^ 
with terms proportional to qa (qp) vanishes. 
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tensors the cross section becomes: 



5(3) (^j:_k' + p- e{pF - \p\)e{\m\ - pp) 
X {vM{GZ''f + VEM 



X 



1 + r 

+ ^A(Gr)'±V:4MGrG]rf} (12.4) 
where the form factors have been grouped as in Eq. (|9.9|) and 



Vm = 2M^T {k ■ k') 

VEM = 2{k-p){k' ■p)-M\k-k') 

Va = M^k- k') + 2M^T {k ■k') + 2{k- p) {k' ■ p) ^ ' 

Vam = 2{k-k'){k-p + k' -p) 

The interesting quantities, related to the determination of the strange 
form factors of the nucleon, are then the single differential cross section 

^'"^ 'd^A^) . (12.6) 



where T/v is the outgoing nucleon kinetic energy, the total (integrated over 
the nucleon energy) cross section 

a.(i.)7v = / dT^ (^) (12.7) 

and the corresponding "proton over neutron" ratios 

da 



da 



u{y)n 



R.iv) = (12.9) 

An approximate expression for the RFG cross section can be obtained by 
inserting the explicit forms [Eqs. ( 4.22| ), ( |4.23|) , (^4.24 )] of the nucleonic NC 
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form factors into Eq. ( [12. 4| ) and neglecting both the terms proportional to 
(l — 4 sin^(0i4/)) ~ 0.075 and the terms quadratic in the strange form factors. 

Under these approximations and using 5^^-* (jc ~ k' + p — Pn^ to integrate 
over k' one obtains: 



NC 



vp(n) 
Vp{n) 



3Z{N) Gl \p^\M' 
At^pI (27r)2 ko 



^(IPivl -Pf) X 



X 



/73 
(A;o -k',+p^- E,) Xp(„) {k, p, Q2) , (12.IO) 



where (the plus/minus sign refer to the u and u cases): 
Jp(„) {k, p, Q2) = Mpin) + ^T^Gfl^Gl, + 
+ [{z - rf - t{t + 1 



+ 



1+T 

{ [{z - rf + 2r(r + 1)] GaG^, + 
±2r{z - r) (Gt^GA + GaGI, - G^f G^,) } ,(12.11) 

with (5p = l, 5n = —1., z = k ■ pjM'^ and, for scattering of massless leptons, 
r = = A; ■ k' I2M'^ = (k ■ p - k ■ pn)/2M^. The terms Mp^n) contain 

only the electromagnetic and axial form factors and are given by: 



-Mp(n) = ( G;?) +Gl] + 



+ - [{z-ry-r{r + l 



;i2.12) 



The above equations, although approximate, can be useful to understand the 
interplay between strange and non-strange form factors in the cross sections 
(|T2]|), (|2]3) and thus in the ratios (^2^, dHH)- We notice, however, that 
all the results presented in this Section were obtained without introducing 
any approximation. 

The RFG was first applied to the study of neutrino-nucleon scattering in 
connection with the problem of nucleon strangeness by Horowitz et al. ||152 



and later employed by other authors ||153| , |154| , |160|| . The considered nucleus 
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was ^^C, for which the values pp = 225 MeV and S = 25 ^ 27 MeV are 
typically used. 

A detailed analysis of the uncertainty induced by nuclear structure effects 
on the determination of axial strange form factor in t/-nucleus QE scattering 
was proposed by Barbaro et al. in Ref. [|153|| , both for the Los Alamos and 
the Brookhaven kinematical conditions. 

In this paper the authors consider the processes ( [12. 1| ) on ^^C, using two 
different nuclear models: the RFG and an Hybrid Model (HM), in which 
the bound nucleons are described by harmonic oscillator shell model wave 
functions, while the outgoing nucleon is described by a plane wave. These 
choices are considered as two "extremes" among the available realistic nuclear 
models: in fact the RFG, using plane waves for the bound nucleons, can be 
seen as a "maximally unconfined" model, while the HM, whose bound single 
nucleon wave functions decrease more rapidly than the expected exponential 
behavior, is somehow "over-confined" . Moreover, while the RFG involves on- 
mass shell single nucleon amplitudes, the HM allows one to consider (half )-off 
shell nucleonic currents, thus providing an estimate of off-shellness effects. 
Therefore the difference between the effects of the strange form factors on 
the considered quantities calculated with these two models can provide an 
upper bound to the uncertainty induced by nuclear structure effects. 

These two models were used to calculate both the differential and total 
cross sections [Eqs. (|12.6|) and (|12.7|) ], for the neutrino-induced emission of 
a proton and of a neutron, for fixed neutrino energy. In this calculation the 
axial and axial strange form factors, Ga and G%, were assumed to have the 
same dipole Q^-dependence, while strangeness contributions to the nucleonic 
vector current were not considered. It is important to notice that, contrary to 
what happens at the relatively high energies of BNL, under the Los Alamos 
kinematics the correlation between the value of the axial dipole cut-off mass 



and the strange axial constant is negligible, as shown in Refs. |152 



and thus at low energies the dipole parameterization can be used without 
introducing significant uncertainties 0. 

The results of Ref. | |153[ for the kinematic conditions of Los Alamos {E^, = 
200 MeV) are shown in the upper and central panels of Figs. 15 and p!6| . 

^® Since very little is known about the dependence of strange form factors, in the lit- 
erature about neutrino scattering they are often assum ed to have the same dependence 
as the corresponding non-strange ones. Only in Ref. [128| strange form factors obtained 
within an SU(3) Skyrme model were used to predict the effects of strangeness on the Los 
Alamos ratio Rlampf [see Eq. ( ^.35 )]. 
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Figure 15: Differential cross sections {da/dE]\f)^j^, for tlie emission of a pro- 
ton and of a neutron [panels (a) and (b), respectively] under the Los Alamos 
kinematic conditions, and for the emission of a proton for the average energy 
El, = 1.3 GeV of Brookhaven (panel c). The solid and dot-dashed lines cor- 
respond the the Hybrid Model mentioned in the text, without strangeness 
and with the strange axial constant set to = —0.2, respectively. The 
dashed and dotted lines are obtained within the RFG, again with = 
and g% = —0.2, respectively. (Taken Srbm Ref. ||153||) 




Figure 16: Total cross sections a^N integrated over the nucleon kinetic energy 
(Tjv > 60 MeV for low energy neutrinos and T/v > 200 MeV for higher energy 
neutrinos) as a function of the strange axial constant —g^, for the emission of 
a proton (a) and of a neutron (b) at Los Alamos kinematics and for protons at 
Brookhaven kinematics (c). The solid lines correspond to the Hybrid Model 
described in the text, while the dashed lines are the RFG results. (Taken 
from Ref. PB| ) 
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From the comparison of their results on the separate cross sections at 
El, = 200 MeV, Barbaro and collaborators derive an uncertainty on g'^ due 
to nuclear model dependencies given by SnuciidA) = ±0.25, therefore larger 
than the expected value of g% itself. However, when the ratio of either 
differential or total cross sections is considered, this uncertainty is reduced 
by an order of magnitude, down to SnudidA) — ±0.015. Including, in a 
worst case scenario, additional uncertainties due to off-shellness effects a 
final estimate SnuciigA) — ±0.03 is provided. This estimate is much smaller 
than the uncertainties on measurements of g\ in deep inelastic scattering 
processes, and therefore these authors conclude that the proposed Los Alamos 
measurement is a very good way to determine g^. 

The same analysis was applied in | |153 | to the single cross section for 
the neutrino induced QE emission of a proton at Ei, = 1.3 GeV, the average 
energy of the BNL neutrino beam, as shown in the lower panels of Figs. ITBI and 



|I6[ In this case nuclear structure effects are much smaller and the estimated 
uncertainty on the strange axial constant drops down to 6nuci{gA) ~ ±0.015. 
Both low and intermediate energy results are in agreement with the previous 
analysis proposed by Horowitz at al. ||152|| within the RFG, with and without 
binding energy effects. 

The analysis of Barbaro et. al was carried on within the Plane Wave 
Impulse Approximation, thus not including the effects of Final State Interac- 
tions. The authors, however, concluded that the estimated value of SnudidA) 
for the p/n ratio can be considered as an upper bound also for the uncertainty 
associated with the use of more realistic nuclear models, which include FSI 
effects. Nonetheless, a detailed study of these effects has to be done, in order 
to be able to extract strangeness parameters from the proposed quantities. 

As already mentioned in Section FSI effects on the ratios ( |12.^ ) and 
(|12.9| ) under the kinematical conditions typical of the Los Alamos facility 
were studied by Garvey et al. in Ref. ||127|| , within the random phase ap- 
proximation. In their calculations the ground state of Carbon was described 
as a Slater determinant of Woods-Saxon wave functions, the parameters of 
the WS potential being chosen in order to reproduce the ground state proper- 
ties of ^^C. FSI were included by means of a finite range G-matrix interaction, 
derived from the Bonn NN potential. It was found that FSI can sizeably 
affect the separate cross sections, resulting in an increase of the latter of up 
to 40%, but these effects are mainly canceled in the ratio, where they amount 
to less than 10% and do not interfere with the effects of g\. Similar results 



were obtained in a later calculation by Alberico et al. |154|, who evaluated 
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the ratio of differential cross sections, Eq. ( 12.8 ), within both the RFG and 
a Relativistic Shell Model. The latter included also FSI effects through a 
Relativistic Optical Potential. Again, FSI effects were found to be large on 
the separate cross sections, resulting in a decrease of the latter of up to 40%, 
mainly due to the absorption into different channels described by the imagi- 
nary part of the optical potential. However these effects on the p/n ratio were 
reduced to less than 10% and were found to be due mainly to the Coulomb 
repulsion, which is present for the protons only. In Ref. ||154|| FSI effects on 
the p/n ratio at Los Alamos kinematics were shown to be comparable with 
the effects of the magnetic strange form factor G\^. It is worth noticing that 
in Ref. | 154 | it was found that Final State Interactions can still be relevant, 
for the separate cross sections, even at relatively high energies {E^, ~ 1 GeV). 

Here we want to make a comment about a possible source of confusion: 
the authors ||1 26| , |127| ] who originally proposed the measurement of the ratio 
R use the following definition for the nucleon kinetic energy, T/v = Tp = Tn + 
2.77 MeV, 2.77 MeV being the average Coulomb repulsion for the protons. 
For the total cross sections ( |12.7| ) this translates into a different value for the 

60 MeV, T^™ = 57.23 MeV. Other 

While the 



lower limit of integration, namely T™*"' 



authors 128, 153, 154 



instead, use the same values T/v = Tp = T„ 



choice of either definition does not affect the general considerations on both 
the sensitivity to the strange form factors and to the nuclear model effects, 
it was noticed in [|128|| that, when the experimental ratio given in Eq. ( |9.35|) 
is considered, its numerical value can sensibly depend on the choice adopted. 
This has to be remembered when one is comparing results from different 
authors and especially when examining the future experimental data. 

All calculations of the Los Alamos ratio so far considered were performed 
in the framework of the Impulse Approximation. Going beyond lA, Umino 
et al. ||155| , |156|| evaluated the effects of two-body relativistic meson exchange 
currents (MEG) in neutrino-nucleus scattering at low and intermediate en- 
ergies, within a soft-pion dominance model. The exchange current effects 
on the single differential cross sections (|12.6|) were calculated for both neu- 



trinos and antineutrinos, for a fixed incident energy of 200 MeV and under 
various assumptions for the strange form factors G\ and Tj*. These effects 
are strongly dependent on the value of the Fermi momentum and can be 
relatively large for > 350 MeV. As an example, with pp = 300 MeV the 
(z/, z/',p) cross sections are reduced by MEG effects by about 20% at the peak; 
these corrections however become much less important (as already discussed 
for FSI) in the ratio of cross sections, Eq. ( 12.8 ). For Garbon, by assum- 
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ing Pf = 225 MeV, MEC contributions were found to be small for neutrino 
scattering and somewhat larger for the antineutrino cross sections, resulting 
in a reduction of the latter of about 15%. Moreover these effects are mainly 
confined to low values of the outgoing nucleon kinetic energy, T/v < 50 MeV, 
which is excluded by the kinematical cuts applied in the proposed LAMPF 
experiment, in order to select quasi-elastic events. Correspondingly, MEC 
corrections to the proton over neutron ratio were found to be limited to a 
few percent for the neutrino case and about 10% for the antineutrino one.Q 
The possibility to extract information on the nucleonic strange form fac- 
tors from a measurement of the ratios in Eqs. ( p.2.8| ), ( |12.9| ) at energies higher 



than the ones available at LAMPF has been studied in Ref. ||160|| , for neu- 
trino and antineutrino energies of 1 GeV. Separate neutrino and antineutrino 
ratios were considered, both for differential and integrated cross sections. It 
was found that while the separate cross sections can still be rather sensitive 
to FSI effects, the nuclear model dependence is very weak in the ratios. The 
sensitivity of the ratios to the strange axial, magnetic and electric form fac- 
tors as well as to the axial cut-off was studied in detail. For the axial 
and magnetic strange form factors the dipole parameterizations in Eq. (|10.17|) 
were used, while the electric strange form factor was assumed to be: 



GUQ') = ^^^^. (12.13) 



1 + 



It was found that for the neutrino ratio the dominant effect is still due to g\ 
and that this effect can still be large enough to allow an extraction of g\ from 
a possible experiment, although its interplay with the strange magnetic form 
factor has to be carefully considered. On the other hand the antineutrino 
ratio can be rather sensitive to the electric strange form factor, G^;. However, 
although important as preliminary indications, these results can depend on 
the specific kinematical cuts somehow arbitrarily used in the calculation, and 
further investigation would be needed in case of a future experiment. 

An illustration of these results is given in Fig. [1^, where the ratio (|12.9|) 



of integral cross sections, calculated in the Relativistic Fermi Gas, is plotted 



We mention here that MEC effects have also been considered in connection with the 
P-odd asy mm etry in electron-nucleus scattering: bo t h in the case of e — c? quasielastic 
processes 



157] and of e-^'He elastic scattering [ 158 , 159], the MEC contributions are 
small and below experimental detectability: hence they do not affect significantly the 
investigation of nucleon strange form factors. 
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as a function of the parameter /x^ for different values of g\ and ps- 

Finally let us go back to the neutrino-antineutrino asymmetry, introduced 
in Section ^ for the case of free nucleons. A more realistic approach would 



require to use the QE NC processes ( |12.1|) together with the CC processes 



u^iy^) + p~{p+) + p{n) + (A - 1) , (12.14) 

for the denominator. Since, as already noticed, the momentum transfer Q"^ 
cannot be determined in QE NC processes, the following asymmetry should 
be considered 

J \ NC / , \ NC 

da \ I da 



ATM) = ^/f;cc rJ^^Sc . (12-15) 

da \ da 



T]y being, as usual, the kinetic energy of the ejected nucleon (proton or 
neutron). R 

Here the CC cross sections (da/dTN)^^-^ in the denominator have been 
considered in analogy to the NC cross sections of Eq. (|12.6|) . 



The effects of nuclear structure on this asymmetry were studied in Ref . [ |154|| , 
by comparing the results obtained within two nuclear models: the RFC and 
a Relativistic Shell Model (RSM). The Shell Model wave functions were ob- 
tained as mean field solutions of a Dirac Equation derived from a linear 
Lagrangian, which includes nucleons, scalar (a), vector-isoscalar (u) and 
vector-isovector (p) mesons. This model had been previously used in the 
study of (e, e'iV) reactions on different nuclei ||161|, |162| , |163|| . The effects 



of Final State Interactions were described within the Distorted Wave Im- 
pulse Approximation, using, for the outgoing nucleon wave functions, the 
solutions of a Dirac equation with a phenomenological Relativistic Optical 
Potential (ROP), which includes scalar, vector and (for protons) Coulomb 
components |p.64|| . When one is dealing with the CC cross sections entering 
in the denominator of the asymmetry (|12.15|) , another type of "final state 



interactions" has to be considered, namely the Coulomb distortion of the 
outgoing leptons. This is expected to be small but it has to be taken into ac- 



count since it is enhanced in the u-u difference in the denominator of (|12.15|) 



^°We remind the reader that in the free nucleon case the foUowing relation holds: 
2MTn. 
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and can become relevant if other effects such as FSI are canceled in the ratio. 
In Ref. |p.54|| Coulomb distortion was taken into account within the "effec- 



tive impulse approximation" , which prescribes to modify the outgoing lepton 
plane wave e*'^''^ according to: 

\k' I - 

e''''-'' ^ ^-^e'^'^ff'' , (12.16) 



\k'\ 



where 



Here the plus (minus) refers to the lepton (anti-lepton), Z is the number of 
protons and R ^ 1.2A^^^ is the effective charge radius of the nucleus under 
investigation. The validity of this approximation has been studied in electron 
scattering processes ||165| . 



The asymmetry (|12.15|) was calculated in Ref. [p.54|] for three typical val 



ues of the neutrino energy, 200 and 500 MeV and 1 GeV, using dipole- 
like parameterizations for both strange and non-strange form factors and 
the Galster parameterization for the electric form factor of the neutron [see 
Eq. ( ^.26|) ]. It was found that at low energies (200 MeV) the impact of nu- 



clear uncertainties is too large to allow an unambiguous determination of the 
strange form factors from a measurement of A. However at larger energies 
(already 500 MeV and especially 1 GeV) these effects are strongly reduced. 

Results for Ey = 1 GeV are shown in Fig. |1^, where the asymmetry A, 
for the emission (in the NC processes) of a proton, is plotted as a function of 
Tat for three different choices of the strange form factors, as indicated in the 
caption. Here the solid curves represent the Shell Model Calculations without 
FSI effects, while RFC results are not displayed, since they coincide with the 
RSM ones. The dot-dashed curve shows the effects of FSI as described by 
the Relativistic Optical Potential. The effect on A of both FSI and Coulomb 
distortion is illustrated by the dotted line, which shows that, except for 
the region of small T^r, this combined effect is still small enough when it is 
compared with the effects of strangeness. 

A comment is required about the divergent behavior of the asymmetry in 



Fig. IS for large T/v: this is associated with the effect of the outgoing lepton 
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(a muon in this case) mass, which brings the CC cross sections down to zero 
more rapidly than the NC ones. 



The authors of Ref. ||154|| considered also an "integral asymmetry", ob- 
tained as the ratio of NC and CC differences between the total cross sections 

amy . 



NC _ NC 

= I, _ J,, . (12.18) 



The corresponding curves for the emission of a proton are shown in Fig. 19 



Since the specific sensitivity of the asymmetries in Eqs. ( 12.15| ), ( |12.18 ) to 



the parameters characterizing the strange form factors of the nucleon derives 
from the cancellation of various contributions in the difference between neu- 
trino and antineutrino cross sections, a crucial point, in considering realistic 
measurements, is the role played by the different shapes of the available neu- 
trino and antineutrino spectra. This issue was addressed in Ref. [ p.6(j[ | for the 
Brookhaven kinematical conditions: the integrated cross sections ( |12.7| ) were 
considered both for QE scattering on ^^C and for elastic scattering on free nu- 
cleons. The integral asymmetry (|12.18|) , calculated for = = 1 Ge V, 



was compared with the following "flux-averaged asymmetry" : 



where the quantities {<j)u{v) are the total cross sections averaged over the 
BNL neutrino and antineutrino spectra [see Eq. (|9.24] )] and the limits for the 



integrations over the outgoing nucleon kinetic energy and over the neutrino 
energy correspond to the kinematics of the BNL- 734 Experiment ||124||, con- 



sidered in Section It was found that the effects of the folding amount to 



less than 2%, due to the similarity of the BNL u and u spectra. In Fig. [2^ the 
integral asymmetry A^ is plotted as a function of the strange axial constant 



-g^. The solid line represents the folded asymmetry ( |12.19| ) for scattering 



on free protons, which has to be compared with the unfolded elastic asym- 
metry shown by the empty-dots. The dashed and dotted lines show results 
for the QE emission of protons, within the RFC, with and without folding. 



^-'^The outgoing lepton mass was neglected in the formalism presented in Section |l^, its 
effects being irrelevant for the general considerations done there, but it has been included 
in the results presented in this Section. 
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The curves obtained (without folding) using the Relativistic Shell Model de- 
scribed previously in this Section are also shown, confirming that at these 
energies nuclear effects on the asymmetry are small. 



In Ref. 1 166 1 an indirect "experimental value" of the folded asymmetry 



(|12.19|) for pp elastic scattering was derived from the measured ratios of total 



elastic and quasi-elastic cross sections given in Eqs. ( |9.25|) -( p.27| ): 

{A') = "j.snLbnl/Jnl = 0-136 ± 0.008 (stat) ± 0.019 (syst) . 

(12.20) 

The sensitivity of the ratios R^^^, R^^^, R^'^^ and of the folded asym- 
metry (A^) to the strange form factors of the nucleon was then studied, by 
assuming the usual dipole parameterization for the strange and non-strange 
form factors. The results for neutrino and antineutrino proton scattering in 



the kinematical conditions of the BNL- 734 experiment are shown in Fig. |2T 
The quantities R^^^, R^^^ and (A^) are plotted as functions of the 

strange magnetic moment /is for different values of the axial strange constant 
g\ and of ps, while the axial cutoff mass is assumed to be Ma = 1.032 GeV. 
The horizontal dotted lines represent the experimental values and the shaded 
areas are the corresponding error bands. The latter are rather large and 
comparable with the effects of strangeness and it is clear that more precise 
measurements are needed in order to extract information on the strange form 
factors. Nevertheless we can observe that relatively large negative values of 
g\ seem to be excluded by the antineutrino ratio R^^^. The other ratios 
and the asymmetry are compatible with relatively large, negative values of 
g\: in this case a negative value of fis seems to be favored, in agreement with 
the findings of Ref. | |125|| but in contradiction with the SAMPLE results. In 



Ref. ||166|| the sensitivity of the above quantities to the axial cutoff mass was 
also studied, in the range Ma = 1.032 ± 0.036 GeV: in accord with previous 
analyses [|12|, |T25| the ratios R^^^, R^^^, R^^^ were found to be rather 



sensitive to Ma, while (assuming the same dependence for Ga and Ga) 
the asymmetry turned out to be practically independent of this parameter. 
Noticing that, as shown in Fig.^, the asymmetry does not depend on the 
electric strange form factor G'^^ we can conclude that a more precise measure- 
ment of this quantity could allow one to obtain more "clean" information on 
G\ and Gl,. Q 

^^We observe that the independence of the asymmetry of both Ma and G|; can be 
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Finally we notice that most of the studies of neutrino scattering QE 
processes we presented here consider the effects of negative values of fig only. 
This choice appeared to be favored by model calculations before the SAMPLE 
result relative to the proton data (see Section H) was published. Instead, a 
positive fig would interfere with a negative 5^^, reducing the effect of the 
latter, on both the p/n neutrino ratio and the v — V asymmetry, the size of 
this reduction being dependent on the actual value of ^ig- However, as we have 
seen considering also the deuteron data, the SAMPLE result is still strongly 
affected by uncertainties due to radiative corrections and the error bands of 
the BNL-734 experiment do not allow to draw any definite conclusion. More 
stringent results have to be obtained before evaluating their quantitative 
impact on the neutrino cross sections and ratios. 



13 Summary and Conclusions 

The strange axial and vector form factors of the nucleon are an important 
issue which was under intensive experimental and theoretical investigations 
during the last decade. The first experimental evidence that the (5^ = 
value of the axial strange form factor of the nucleon, is unexpectedly 
large was obtained in 1989 in the famous EMC experiment (CERN) on the 
measurement of deep inelastic scattering of polarized muons on polarized 
protons. The EMC result triggered new DIS experiments at CERN, SLAC 
and DESY and hundreds of theoretical papers in which the connection of 
the constant g% with the strange quarks polarization and the polarization of 
gluons in the nucleon was elaborated in detail. 

The EMC result also intensified the experimental and theoretical investi- 
gation of the problem of the strange form factors of the nucleon at relatively 
low values of (< 1 GeV). 

In order to obtain information on the strange form factors of the nucleon 
it is necessary to investigate Neutral Current induced processes. In the region 
of small only the u, d and s parts of the NC should be taken into account. 
In the Standard Model there are three different components of the NC: 

1. isovector (vector and axial) u — d currents; 



understood by looking at Eq. ( 10. 8|) . This property is maintained when the cross sec- 



tions which contribute to the asymmetry are integrated over the momentum transfer and 
averaged over the BNL neutrino flux. 
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2. electromagnetic current; 

3. strange (vector and axial) currents. 

Thus, by using the available information on the electromagnetic and CC 
axial form factors of the nucleon, from the investigation of the NC induced 
lepton (electron and/or neutrino) nucleon processes we can obtain informa- 
tion on the strange axial and vector form factors of the nucleon. 

This strategy can be realized by the investigation of: 

• the P-odd asymmetry in the elastic scattering of polarized electrons on 
nucleons; 

• neutrino(antineutrino) elastic scattering on nucleons; 

In the case of electron-nucleon scattering in the region of small the di- 
agram with the exchange of a 7-quantum gives a much larger contribution to 
the matrix element of the process than the diagram with exchange. Thus, 
the P-odd asymmetry, which arises from the interference between 7 and Z° 
exchanges, is very small (~ 10~^ ). The measurement of such small asym- 
metries became possible only when very intense beams of highly polarized 
electrons and high resolution spectrometers were developed at MIT/Bates, 
Jefferson Lab and MAINZ . In Section ^ we have discussed the interesting 
results that were obtained in the latest experiments. 

The P-odd asymmetry in the polarized electron-proton scattering is de- 
termined by the interference of the scalar electromagnetic and pseudoscalar 
Z°-exchange parts of the amplitude, aV^'" and vA^'-': the latter, how- 
ever, occurs in the asymmetry multiplied by the small coefficient gy = 
— 1/2 + 2s\.v?6w (from the electron NC). Hence the P-odd asymmetry in 
e + p scattering is mainly sensitive to the strange vector form factors of the 
proton. On the other hand, the elastic and quasi-elastic scattering of po- 
larized electrons on nuclei allows one to obtain complementary information: 
different choices of kinematics (e.g. backward versus forward scattering) and 
of nuclear targets can be used to select and eventually enhance the various 
hadronic NC components. At the moment this possibility has not been ex- 
perimentally tested, but several experiments are under way or foreseen in 
the near future, which will measure the P-odd asymmetry in light nuclei 
(deuterium, ^He, etc.). 

The NC neutrino (antineutrino) nucleon scattering allows one to obtain 
information both on the axial and vector strange form factors (see Section 
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Moreover, none of the contributions of the strange form factors to the 
cross sections of these processes is, in principle, suppressed. By investigating 
neutrino (antineutrino) nucleon scattering (as well as the P-odd asymmetry 
in electron-nucleon scattering) one can also hope to obtain information on 
the behavior of the strange form factors. The most detailed investigation 
of neutrino (antineutrino) nucleon scattering was done in 1987 in the BNL- 
734 Brookhaven experiment, of which we discussed here in detail the results. 

In order to obtain information on the strange form factors of the nu- 
cleon from the data of neutrino experiments it is necessary to know with 
good accuracy the behavior of the CC axial form factor. There is no 
such information at present. Yet, we have discussed in Section |l^ a method 
that allows one to obtain model independent information on the strange 
form factors of the nucleon. For this purpose it is necessary to measure the 
neutrino-antineutrino asymmetry. There is no doubt that with the many 
new neutrino experiments and the suggested new neutrino facility, the neu- 



trino factory ||167|| , the problem of the strange form factors of the nucleon 
will have new development. 

It is worth mentioning that usually in neutrino experiments nuclear tar- 
gets are used. A large part of this review is devoted to the detailed consider- 
ation of nuclear effects in the processes of neutrino (antineutrino) scattering 
on nuclei (see Sections |TT] and |T^). These effects are usually quite relevant 
on the single cross sections, but they can be drastically reduced when one 
considers ratios of cross sections. This fact has been widely underlined also in 
connection with the P-odd asymmetry in the (elastic or inelastic) scattering 
of polarized electrons on nuclei (see Sections |^ and ||). 

Finally we mention that in the introductory parts (see Sections j^-^) many 
basic phenomenological relations are derived in sufficient detail, that they can 
easily be followed by the reader. We believe that this review will be useful for 
many physicists who are or will be interested in the problem of strangeness 
in the nucleon. 
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Figure 17: The ratios ( |12.9|) of the integrated NC neutrino and antineutrino- 
nucleus cross sections ( p.2.7] ), as a function of fig, evaluated in the RFC The 
incident energy is -Ejy(p) = 1 GeV and the integration hmits for the cross 
sections are 100 < Tp = T„ < 400 MeV. The sohd hne corresponds to 
9a — Ps = 0, in the other three curves [both in (a) and in (b)] g% = —0.15 
and Ps = (dashed hne), —2 (dot-dashed hne) and +2 (dotted hne). (Taken 
from Ref. pOj ) 
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Figure 18: The asymmetry A for an ejected proton, Eq. (|12.15| ), versus Tn = 
Tp = Tn, at incident z/(z7) energy E^, = 1.0 GeV. The sohd hues correspond 
to the RSM calculation without Final State Interactions, the dot-dashed 
lines include FSI effects through the ROP, the dotted lines represent the 
RSM corrected by both the FSI and the Coulomb distortion of the outgoing 
muon. The three sets of curves correspond to different choices of strangeness 
parameters: g\ = fig = (lower lines), g\ = —0.15, /i^ = (intermediate 
lines) and g% = —0.15, /x^ = —0.3 (upper lines). (Taken from Ref. |154| |) 
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Figure 19: The integral asymmetry, Eq. ( 12.18 ), for an ejected proton, 
versus g%, at incident z/(z7) energy E^, = 1.0 GeV. The fower hmit for the 
integration is T^v = 100 MeV. The sohd hues correspond to the RSM calcu- 
lation, the dashed lines to the RFG with average binding energy of 25 MeV, 
the dot-dashed lines include FSI effects. The two sets of curves correspond 
to different choices of the magnetic strangeness parameter: Hs = (lower 
lines) and fig = —0.3 (upper lines). (Taken from Ref. ||154|| ) 
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Figure 20: The integral asymmetry for an ejected proton versus —g^- 
The magnetic and electric strange form factors have been set to zero, while 
dipole parameterizations (with the same value of the cut-off mass) have been 
assumed for the axial CC and the axial strange form factors. The solid line 
corresponds to the "flux-averaged" i/(z7)-proton elastic scattering asymme- 
try, the empty dots to elastic scattering without folding at -^1/(77) = 1 GeV. 
Results for the QE asymmetry on ^^C are shown by the following curves: 
dashed line (RFG, with folding), dotted line (RFG, unfolded), dot-dashed 
line (RSM, unfolded) and three-dot-dashed hne (RSM+ROP, unfolded); all 
unfolded curves are evaluated at E^(p) = 1 GeV. (Taken from Ref. ||166|| ) 
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Figure 21: The ratios R^'^^, E^^^ and R^^^, here indicated without the 
superscript BNL and the folded asymmetry {A^) as functions of fig. All 
curves correspond to v{y)p elastic scattering in the kinematic conditions of 
Brookhaven. Results are shown for g\ = 0, —0.15 and for ps = (solid line), 
Ps = —2 (dot-dashed line) and ps = +2 (dashed line). The shadowed regions 
correspond to the experimental data [Eqs. (|]2|), (^), (^) and ([12:201) ] 
measured in the BNL-734 experiment. (Taken from Ref. [|166|1 ) 
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